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Abstract 

In this doctoral thesis the design, simulation and optimization of high splitting ratio 1xN Y-

branch passive optical splitters (N≥16) were performed. Two main research areas are the de-

sign, simulation and optimization of high splitting ratio splitters based on: a) low index contrast 

and b) high-index-contrast material platforms. Low index contrast splitters have main applica-

tions in telecommunication and high index contrast splitters are mainly used for the applications 

in photonics integration circuits.  

For the low index contrast Y-branch splitters a standard 1x32 Y-branch splitter was designed 

and simulated by the commercially available software tool, OptiBPM. Based on the simulation 

results, the optical properties of the standard Y-branch approach were analyzed. This design 

features high non-uniformity, insertion loss and large size of the designed structure. Deep study 

of the simulated results shown that the design of such optical splitters depends strongly on the 

used waveguide structure. Optimizing this structure, the splitting properties of the designed 

1x32 Y-branch splitter were strongly improved. Based on these results the low loss, high uni-

formity 1x64 Y-branch splitter was designed. In this case, the length of “low loss length opti-

mized” 1x64 Y-branch splitter was reduced to nearly one to third of its original value and ad-

ditionally non-uniformity was also improved.  

Beside the evaluation of the used standard Y-branch shapes, a new shape of the Y-branch 

splitter was optimized. Using this shape the scattering of light was strongly reduced. The prob-

lem of using this new shape was that it contains of some inaccuracies. Therefore the next task 

of this PhD thesis was to eliminate these shortcomings and to make this shape applicable for 

high splitting ratio Y-branch splitters.  

For applications of the designed optical splitters in telecommunication, I investigated the 

influence of different optical splitters in access networks as for example GPON and XG-PON 

by ITU-T with triple-play services (i.e. data, voice and video). The achieved splitting parame-

ters were incorporated in the simulations of particular passive optical network scenarios. 

In case of high index contrast, a silicon nitride based 1x8 Y-branch splitter with waveguide 

structure and with shallow rib waveguide structure was design and optimized.  

 

Keywords: passive optical components, Y-branch splitter, MMI splitter, FTTH, silicon nitride, 

optical waveguide, design, simulation, optimization, bend losses, rib waveguide, power splitter, 

optical splitting, integrated optics and telecommunication.  
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Abstrakt 

Cílem disertační práce byl návrh, simulace a optimalizace pasivních optických rozbočovačů 

typu 1xN Y s vysokým počtem kanálů (N ≥ 16). Dvěma hlavními oblasti výzkumu jsou návrh, 

simulace a optimalizace těchto rozbočovačů podle aplikace: a) materiálu s nízkým kontrastem 

indexu lomu, b) materiálu s vysokým kontrastem indexu lomu. Rozbočovače s nizkým 

kontrastem indexu lomu nachází uplatnění v telekomunikacích; rozbočovače s vysokým 

kontrastem se používají hlavně pro aplikace ve fotonických integrovaných obvodech. 

Pro rozbočovače typu Y s nízkým kontrastem byl navržen a simulován standardní 1x32 

rozbočovač pomocí komerčně dostupného programového nástroje OptiBPM. Na základě 

výsledků simulace byly analyzovány optické vlastnosti standardního přístupu k návrhu těchto 

článků. Konstrukce typu Y se vyznačuje vysokou nerovnoměrnosti, vložnými ztrátami a 

poměrně velkými rozměry konstrukce. Hluboká studie simulovaných výsledků ukázala, že 

konstrukce takových optických rozbočovačů silně závisí na použité struktuře vlnovodu. 

Optimalizací se výrazně zlepšily dělící vlastnosti navrženého rozbočovače s dělícím poměrem 

1 x 32. Na základě těchto výsledků byl navržen rozbočovač s nízkou ztrátou a konstrukcí s 1x64 

kanály. Délka optimalizovaného 1x64 rozbočovače typu Y byla snížena na téměř třetinu své 

původní hodnoty a navíc se zlepšila rovnoměrnost výstupů. 

Kromě vyhodnocení použitých standardních tvarů rozbočovačů typu Y, byl optimalizován nový 

tvar geometrie rozbočovače. Použitím tohoto tvaru se výrazně snížil rozptyl světla. Problémem 

použití tohoto nového tvaru bylo, že zahrnuje jísté nepřesností. Dalším úkolem této disertační 

práce bylo proto odstranit nedostatky řešení a aplikovat tento tvar na rozbočovače typu Y s 

vysokým dělícím poměrem. 

Pro aplikace navržených optických rozbočovačů v telekomunikacích jsem zkoumala vliv 

různých optických rozbočovačů v přístupových sítích jako jsou například GPON a XG-PON 

od ITU-T se službami typu tripple-play (tj. přenos dat, hlasu a video). Dosažené parametry 

pasivních optických prvků byly začleněny do simulací vybraných pasivní optických sítí. 

V případě vysokého kontrastu indexu lomu byl navržen a optimalizován rozbočovač na bázi na 

bázi nitridu křemičitého, s 1x8 Y kanály a se strukturou žebrového vlnovodu (shallow-rib). 

 

Klíčová slova: pasivní optické prvky, rozbočovač typu Y, rozbočovač MMI, FTTH, nitrid 

křemičitý, optický vlnovod, návrh, simulace, optimalizace, ztráty ohybu, žebrový vlnovod, 

rozdělovač výkonu, optické dělení, integrovaná optika a telekomunikace. 
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1 Introduction 

1.1 Motivation 

The submitted doctoral thesis summarizes the author’s research work as a part of the Grant 

Agency of Czech projects SGS13/201/OHK3/3T/13 and SGS16/227/OHK3/3T/13, which fo-

cus on the photonic transmission media and components for optical telecommunication net-

works.  This work was done by the author from March 2015 until December 2018. Additionally, 

a part of author’s research work was done in collaboration with International Laser Centre in 

Bratislava, Slovakia in the frame of the project No. SK-AT-2017-0005 and APVV-17-0662.  

The focus of this project was on the design of passive optical components, namely optical split-

ters based on silicon nitride material platform running from January 2018 until December 2019. 

Nowadays the steadily increasing data volume in communication networks is driven by a 

rapid proliferation of home-based and business computers, storage capacities, processing capa-

bilities and the extensive availability of Internet. The challenge is to transfer high data volumes 

in short periods of time over high distances as lossless as possible. It is obvious that the more 

data transmitted over the same line at the same time (quasi in parallel), the higher the reachable 

data volume. Therefore, instead of using only one data signal per channel, currently several data 

signals can be combined and transmitted using only one channel. This technique is called Wave-

length Division Multiplexing (WDM). In comparison to other transmissions techniques, the 

WDM uses optical data transmission, which provides several advantages such as long trans-

mission distance, large information capacity, small size, low weight and immunity to electrical 

interference. Due to these advantages, the communication companies are moving toward optical 

technologies that allow larger and more flexible bandwidth [1]. 

1.2 Problem Statement 

Splitting and combining multiple optical beams plays an important role in integrated optics 

[2, 3]. The task of the optical splitters in Fiber-to-the-x (FTTx) network is to split one optical 

signal in many identical signals bringing for example the same TV signal in different house-

holds. Of course, the more buildings can be served by one optical splitter the lower are the 

installation costs.  

Optical power splitter is a basic device used for all optical signal processing in optical com-

munication systems, sensing systems and many other applications. The mostly used optical 

splitter is based on a cascade of one-by-two waveguide branches, also called Y-branches, con-

nected with each other. Such splitters have an advantage that they are polarization and wave-

length independent, i.e. one device can be used to split optical signals in the whole operating 

wavelength window [4]. However, their main drawback is the high asymmetric splitting ratio 

of the split power over all the output waveguides [5]. Furthermore, the Y-branch splitters are 

rather large compared to other splitting approaches [6]. 

Multi-mode-interference (MMI) splitters present a different splitting approach. They feature 

a large splitting number and stabile ratio, ensuring good uniformity over all the output signals 
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[7]. Furthermore, the MMI splitters are potentially much shorter in comparison to Y-branch 

splitters. Another advantage is their good fabrication tolerance because the splitting is per-

formed in a large multimode section. Their main disadvantage results from the fact that the 

length of the multimode section is wavelength dependent, i.e. MMI splitters are designed solely 

for one wavelength and can only operate in a narrow wavelength band [7]. They are also polar-

ization dependent; however, it has been shown that in the strong guidance waveguide structure 

this dependence is negligible [5, 7]. 

Since the Y-branch splitters are polarization and wavelength independent, this approach is 

mainly used in telecommunication applications. Therefore, in my work I concentrate especially 

on the design of Y-branch splitters and optimization of their optical properties.   

From the technological point of view the main problem in the Y-branch splitting approach 

is the processing of the branching point where two waveguides start to separate [4, 5]. This 

generally leads to an asymmetric splitting ratio causing high non-uniformity of the split 

power over all the output waveguides [4]. Although it does not have a significant influence on 

the splitting properties of 1x2, 1x4 or 1x8 Y-branch splitters it becomes a dominant factor in 

the splitting of 1x16, 1x32 or 1x64 optical signals, leading to a huge rise of the variation in the 

splitting ratio [4]. Furthermore, such splitters are rather large compared to other splitting ap-

proaches [3]. Therefore, the special attention is paid mainly to the design of 1xN Y-branch 

optical splitters (N ≥16) presenting nowadays the serious challenge for the professional design-

ers. For this reason, the goal of my doctoral work is focused on the design of such optical 

splitters, particularly 1x16, 1x32 and 1x64 Y-branch splitters featuring excellent splitting prop-

erties. 

In summary, there are two major tasks concerning high splitting ratio passive optical splitters 

as follows: 

1. Influence of the waveguide structure on Y-branch splitting ratio. I will optimize this 

structure to suppress the asymmetric splitting ratio. 

2. Based on the results the size of the designed Y-branch splitters will be optimized. 

Additionally, the design, simulation and optimization of silicon nitride based Y-branch split-

ters will be performed. Such compact devices can easily be implemented on-chip and have 

already found applications in WDM systems and also in emerging applications such as optical 

sensors, devices for DNA diagnostics and optical spectrometers for infrared spectroscopy [5]. 

The aim of this work is to find the minimum physical dimensions of the designed splitters oc-

cupying minimal space on the photonics integrated circuits (PIC) chip. The optimization is done 

with regards to high symmetrical splitting ratio and low insertion loss, caused by bending losses 

coming from applied waveguides. Additionally, the determination of possible minimal distance 

between output waveguides without coupling between each other is studied.  

1.3 Aims and Contributions of the Thesis 

The goal of this thesis is the design and simulation of high splitting ratio Y-branch splitters. 

Additionally, the optical properties of the designed splitters will be studied and optimized. 
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Based on the achieved results, the size of the splitters will be optimized. To design these optical 

components a standard commercially available photonic software tool, OptiBPM [8], was used. 

The principal contributions of this thesis are as follows: 

1. Y-branch versus MMI optical splitters: 

 Design, simulation and comparison of the optical properties of MMI and Y-branch 

splitters (1x8, 1x16). 

2. 1x32 and 1x64 Y-branch optical splitters: 

 Design and simulation of standard 1x32 and 1x64 Y-branch splitters. 

 Optimization of the optical properties of standard 1x32 and 1x64 Y-branch splitters. 

 Optimization of the length of the designed splitters. 

 Design and simulation of the low loss 1x32 and 1x64 Y-branch splitters. 

3. Evaluation of the high splitting ratio Y-branch splitter designs for application in 

Telecommunication Access Networks with Triple-play Services. 

4. Design of a new shape of the Y-branch high splitting ratio splitters (1x32 Y-branch 

splitters). 

5. Comparison of standard and new shape 1x32 Y-branch splitters. 

6. Design of the optical splitters applying different photonics design tools and their 

comparison: 

 OptiBPM by Optiwave (1x8, 1x16, 1x32, 1x64, Y-branch and MMI splitters). 

 Apollo by Apollo Photonics Inc [9] (1x8, 1x16 Y-branch and MMI splitters). 

 RSoft by Synopsis [10] (1x32 Y-branch splitters). 

7. Design and simulation of silicon nitride based Y-branch splitters.     

1.4 Structure of the Thesis 

A significant part of the thesis is based on the author's articles and conference papers. Thesis 

contains only the basic mathematical relations in order to be as readable as possible. The thesis 

is organized in five chapters as follows: 

 Chapter 1 – Introduction: in this chapter, the core research problems are stated and then 

the aim and contribution of the thesis is listed. 

 Chapter 2 – State of the Art: theoretical background and general overview of the current 

state of the art are presented.  

 Chapter 3 – Methods: design principles, simulation schemes and numerical methods are 

described in this chapter. 

 Chapter 4 – Results and Discussion: the most important results are presented and 

discussed. 

 Chapter 5 – Conclusions: the overview of accomplishments and scientific achievements 

together with future improvement research ideas is summarized in this section. 
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2 State of the Art 

2.1 Passive Optical Networks 

Passive Optical Network (PON) is a technology that provides optical fiber to the end user in 

both the home and business. A PON is characterized by implementing a point-to-multipoint 

architecture in which passive optical splitters are used to allow a single optical fiber to serve 

multiple endpoints (i.e. individual customers). Passive optical networks are often referred to as 

the "last mile" between the Internet Service Provider (ISP) and the customer [11].  

Passive optical network consists of an Optical Line Terminal (OLT) at the service provider's 

central office, the Optical Distribution Network (ODN) and a range of Optical Network Units 

(ONUs) or Optical Network Terminals (ONTs) near end users. It may be optionally followed 

by Network Termination (NT) equipment, specified in [12, 13]. Connection between the OLTs 

and the ONUs consists of a network of single mode fibers and passive optical splitters, which 

are usually located near the user sites, and having typically splitting rations of 1:16, 1:32 and 

1:64, depending on the number of covered users. A PON implements a Point-to-Multi-Point 

Network Architecture (P2MP) [14] and Fiber-to-the-Premise (FTTP) [15] to provide multiple 

customers with data, video and voice services [16]. Compared to Point-to-Point (P2P) architec-

tures, it reduces the amount of used fibers and central office equipment [17, 18]. 

A current PON generation has a form of fiber-optics access network, which uses as a primary 

multiplexing technique the Time Division Multiplexing (TDM) [14] and Gigabit Passive Opti-

cal Network (GPON) as a one of the most current deployed recommendations [17, 19]. The 

standardized and commercially available PON is defined through G.984.4 [19, 20]. However, 

G.984 series [11, 21] define the characteristics of GPON (G.984.1) as well as physical layer 

specification (G.984.2) [21] and transmission layer specification (G.984.3), ONU management 

and control specification (G.984.4) [22]. For example, a typical GPON standard provides a 

downstream data rate of 2.5 Gbit/s and an upstream data rate of 1.25 Gbit/s [23]. The down-

stream direction is assigned the wavelength range of 1480 nm to 1500 nm and for the upstream 

direction 1260 nm to 1360 nm is provided. However, the downstream RF video distribution 

uses a wavelength range of 1550 nm to 1560 nm [24-27]. 

Considering how the PON has grown exponentially in the last decade and is expected to 

grow in the future [12, 28], TDM PONs cannot handle bandwidth and optical power require-

ments. Therefore, other standards must be proposed that lead to the concept of a 10 Gigabit 

capable passive optical network (XG-PON) [29, 30]. The option may be the WDM PONs with 

the solution of separating ONU over physical wavelength to reach ONUs using optical ampli-

fication [12, 31]. This concept, based on the long-range PONs [32] combines WDM and TDM. 

The authors in [12] are looking at how bandwidth efficiency can be improved by developing 

coexistence solutions at the physical layer (migration in the same optical distribution network) 

in the Optical Access Network (OAN). 

PON, which is based on Fiber Access Systems technology (covering a range of only tens of 

kilometers (0-20 km)), has been widely used in Asia, Europe and the US (G-PON is mainly 

used by European and US suppliers, while Asian suppliers prefer EPON/GePON) to support 
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higher bandwidth demands by ONUs in the future. However, it is necessary to upgrade the 

existing PON architecture to the Next-Generation PON (NGPON) concept [33, 34], which in-

cludes the 10G-PON [32], 10G EPON and WDM technologies [35], bringing simplicity and 

cost efficiency [36, 37]. With regard to future GPON extension, many GPON enhancements 

are being made today, including facts such as the expansion of the GPON optical budget for 

exploring new opportunities [38, 39], to allow the use of a higher split ratios and longer reach 

including higher data rates. The Authors in [38] bring arguments by comparing two passive 

access networks, GPON and next-generation WDM PON [30], based on cost, capacity, and 

flexibility. 

2.2 FTTH-PON Networks 

Fiber to the Home (FTTH, where "H" applies to both home and small businesses) is a fiber-

based optical network that uses GPON technology [23] as the most attractive solution for last-

mile access networks [40]. FTTH [41, 42] provides an uninterrupted, high-speed Internet ser-

vice from the central office to the residential premises (household) that need services. The 

FTTH PON solution allows the connection of up to 128 ONUs on one fiber using OLT [43] 

with optical splitters and data rates of up to 10 Gbps in the forward channel (i.e. ONT to ONU) 

and up to 2,5 Gbit/s can be achieved backward channels. Due to the maximum bandwidth avail-

able for future services such as online gaming and video streaming [40], the total number of 

FTTH customers is expected to grow spectacularly in the near future. FTTH Conference 2018 

[44] estimates the growth of FTTH subscribers in Europe by 20%, while the author in [45] 

estimated contractors for the FTTH service in Japan from May 2010 to over 15 million. Due to 

the higher bandwidth demands in the future, an estimated bandwidth requirement of at least      

1 Gbit/s by the year 2020 and more than 10 Gbit/s by the year 2030 is estimated [46, 47]. 

FTTH architectures [48], 100% fiber access in the access network [49], are based on the 

Point-to-Point network design [50] when the optical part of the access network is either active, 

Active Optical Network (AON) and Point-to-Multi Point network designs [51]  when the optical 

part of the access network is passive (PON). AON or Active Ethernet Network offers Internet, 

TV and telephony over the common Ethernet standard, using individual fiber optics (called 

"home-run-fibers") for each customer, where individual fibers run from OLT to each ONU and 

the active part is a router to manage the signal distribution. In the PON architecture, the active 

part of AON is replaced by a passive optical power splitter/combiner [52], i.e. it uses only fibers 

and passive components. The authors in [49] present a design and implementation of an FTTH-

GPON access network (based on passive P2MP) for 320-subscriber residential buildings with 

average bandwidth per subscriber at 62.2 Mbps downstream and 31.1 Mbps upstream, analyz-

ing performance budget and rise time budget standard. The FTTH-PON standards use TDM 

with the upstream packets being time-interleaved on a time basis by the optical fiber. In addition 

to TDM, WDM technology is the best solution for bandwidth satisfaction over the next ten 

years. WDM has been successfully integrated into the FTTH architecture with two techniques, 

Coarse Wavelength Division Multiplexing (CWDM) and Dense Wavelength Division Multi-

plexing (DWDM), and the cost difference between the other two, namely AON and GPON, 

does not seem to differ significantly [53]. The authors in [53] analyzed the cost evolution of 
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FTTH WDM and TDM networks in dense urban, urban, and suburban areas from a techno-

economic perspective and estimated the total cost of suburban areas six times higher than in 

dense urban areas and four times as urban areas. 

The key factors for FTTH technology are the scalable architecture, the cost, and the best 

ways to meet future bandwidth demands. Hence the FTTH network design and optimization 

[43] based on mathematical programming [42, 54-56] or other heuristic methods [57, 58] or a 

synthesis of both [49, 50] is an important target today with a very broad field. The authors in 

[43] describe and analyze the FTTH network designs with different plausible scenarios of cus-

tomer behaviour, focusing on the advantages and weaknesses of very broad aspects of the en-

gineering approach to FTTH network design. Authors in [40] proposed a cost-effective GPON-

FTTH network that depends on many factors such as the number and location of optical split-

ters, types of fiber optic cables, and customer premises. The authors explored various design 

scenarios and compared the FTTH-GPON architecture at one level [56, 60, 61] with that at a 

multilevel level [55, 62]. The design of FTTH-PON networks with two splitter planes is at the 

heart of [63], where a network optimization model has been proposed which minimizes the cost 

of splitters and fiber optic cables. [64] presented a design and optimization model for a FTTH 

with a plane linking ONU to the splitter nodes assigned to a Central Office (CO), taking into 

account duct sharing to minimize the burden cost of trenching and ducts. In order to reduce the 

FTTH costs, which are central to the deployment of a new access network, the authors in [15] 

investigated the possibility of minimizing the planning costs of a PON deployment of long-

range Greenfield [40]. This method is called Recursive Association and Relocation. It generates 

a variety of solutions to improve both, the ONU splitter assignment process and splitter reloca-

tion. A design model for Greenfield FTTH planning [40] is proposed in [62], with street loca-

tions and customer premises being adopted by OpenStreeMap [65]. 

The passive optical components such as optical splitters, optical filters, fused fiber couplers 

and fiber gratings play an important role in FTTH networks and are therefore used permanently 

in FTTH technology. Authors in [45] focused on the critical technological aspect of developing 

passive components in a Japanese company, opted for a system FTTH network architecture 

called the Passive Double Star (PDS) and improved its economic benefits, functionality, relia-

bility and development in FTTH networks. 

A typical FTTH PON network system in Japan consists of 1x4 splitters in the central office 

and 1x8 splitters installed close to customers in an airlock. In this way, it is possible for different 

users to share the cost of the devices in the fiber optic cable and at the central office, thereby 

reducing the overall burden on individual customers. In [66] much attention is being paid to 

reduce attenuation via passive optical splitters in FTTH networks using a layout design for a 

conventional FTTx network architecture [67]. 

2.3 Passive Optical Components for FTTH-PON Network 

In the FTTH architecture operating in PON network, signal distribution from OLT to ONUs 

is handled by uniform optical splitters, a two-way passive optical components with one input 

port and several output ports, i.e. 1xN or 2xN, where N is the number of output ports [68]. The 

1xN splitter configuration is typically used in access networks with a star configuration. The 
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2xN splitter configuration is usually used in ring network architectures to provide physical net-

work redundancy. For example, an optical power splitter 1x2 is a symmetric passive compo-

nent, which equally divides power signal from a straight waveguide between two output wave-

guides. In this way, the optical splitters can reduce the implementation of the overall network 

system cost. As for other passive optical components like optical adapters, attenuators, connect-

ors, couplers, WDM filters or MUX/DEMUX optical switches, the "passive" optical splitters 

do not require electrical/optical or reverse (optical/electrical) conversion for their functionality. 

The simple version of a power splitter is a Y-branch. It is easy to design but it is sensitive to 

fabrication tolerances. Mainly, the processing of the branch point at which two waveguides 

begin to separate is technologically very difficult (see Section 1.2 – Problem Statement). In 

addition, such splitters are rather large compared to other splitting approaches, like for example 

MMI splitters. On the other hand, even though the dimensions of the MMI splitters are not 

critical, however these passive components can be designed for a particular wavelength, only. 

Anyway, both splitters are symmetrical, that is, 50% of the input power is carried by each output 

waveguide. The asymmetric power splitters may also be designed for specific purposes, for 

example to compensate the attenuation of ODNs. The authors in [69] propose a novel              

1x24 splitter with three branching structures and 21 Y-branching elements and utilize these as 

a successful technique to improve the uniformity. The authors in [69] focused on the splitter 

design, namely on the branching angles of cascaded splitter (Y-branch splitter). They showed 

that there are many factors, which have to be taken into account in the design of the splitter 

elements and that the power loss is higher for wider angles. If two branches are separated by 

tilted straight waveguides, the tilt angle must be small, typically several degrees. However, the 

key parameter of the optical splitter remains the splitting ratio. The both mentioned power split-

ters are very important elements for photonic and opto-electronic integrated circuits due to their 

simple structure, their large optical bandwidth and low loss, their uniform distribution of the 

output power into output waveguides, the low price, the compactness and the compatibility with 

single-mode (SM) optical fibers [70].  

In FTTH system [55], the function of the splitter is to divide the optical signal coming from 

one central office to multiple users, which generally has one input port and multiple output 

ports, typically 2-128 [71, 72]. They are the key components in FTTH networks, not only in the 

TDM PONs, WDM PONs [73], or in hybrid access networks (TDM-WDM-PON) [74], but in 

the future the optical splitters will be important passive components also in the ultra-dense 

WDM PONs [75, 76]. In terms of production, there are Fused Bionic Taper (FBT) Splitters or 

Planar Lightwave Circuit (PLC) splitters [77]. However, FTTH technology uses PLC splitters 

because a PLC is typically used for major advantages as very low losses, enhanced functionality 

and an important potential for mass production [45]. In a typical PLC, the attenuation is less 

than 0.1 dB/cm and the total attenuation including the coupling loss at the interface between 

fiber arrays and a PLC is about 1 dB or less. In general, the uniformity of the branch loss is less 

than 1 dB and the return loss is less than -50 dB [45]. To reach this, the authors in [45] suggested 

that the cores of the fibers and a PLC chip must be positioned with submicron accuracy, and 

they demonstrated that the fiber array depends on the geometry of optical fibers. Different PLC 

device technologies for the multiplexer and splitter modules become the leading technology, 

for example on one side Y-branches [78, 79] MMI couplers [80, 81] and star couplers [82] and 
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on the other side arrayed waveguide gratings (AWG) [83, 84] and matrix switches [85, 86]. 

There are different materials to fabricate optical waveguides and devices as LiNbO3 [87], SiO2 

[88, 89], Silicon on Insulator (SOI) [90, 91], InP [92, 93], Polymer [94, 95], etc. 

The Authors in [96] proposed different types of optical splitter structures used in PONs and 

analyzed their impact on energy consumption and resource sharing. They showed that the com-

bination of Y-branch splitters with extended reach is the most beneficial. A mathematical model 

for PON design with a focus on splitter allocation, attenuation and split ratio is discussed in 

[97]. The authors in [98], [99] showed that optical splitters can directly improve PON perfor-

mance efficiency. 

Today, there is a great deal of interest in finding ways to increase the split ratio because it 

allows connecting more customers over the same transmission media. In this regard, optimized 

optical splitters are crucial for the high splitting ratio PONs, dense grid and long reach [100].  

In this thesis I focus on the design and simulation of two different types of high splitting 

ratio optical splitters, namely Y-branch and MMI splitters, where Y-branch splitters create the 

main part of the thesis. I will show that not only processing of branching points in Y-branch 

splitters strongly influences splitting properties of the device but also the used waveguide struc-

ture itself. Optimizing this structure the asymmetric splitting ratio of the optical signal can be 

drastically suppressed. To this purpose I designed and simulated the standard 1x8, 1x16, 1x32 

and 1x64 Y-branch structures with a waveguide core size of (6x6) µm2 and then the low loss 

optimized waveguide with core size (5.5x5.5) µm2. According to this, the low-loss length opti-

mized structures are designed, simulated and optimized. Separately, the standard 1x64                

Y-branch (waveguide core size of (6x6) µm2) and the low-loss length optimized 1x64 Y-branch 

splitter (waveguide with core size (5.5x5.5) µm2 ) were simulated and the simulations are based 

on GPON and XG-PON network with triple-play services [101]. The bandwidth optimization 

is obtained by employing CWDM and data and voice downstream components are transmitted 

within the wavelength range of 1480-1500 nm for GPON, 1575-1580 nm for XG-PON and 

1550-1560 nm for video services, in accordance with the wavelength allocations.  
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3 Methods and Design Principles 

This chapter describes the design and simulation methods behind photonics software tools 

used in this doctoral thesis and the design principles of Y-branch and MMI splitters.  

3.1 Methods 

In the development of PLC devices, the design and the simulation play an important role. 

They can be used to provide good performance and compactness of the devices and in this way 

the cost for product development can be reduced dramatically.  

The optical properties of Y- branch and MMI splitters are numerically calculated using com-

mercially available photonics software tools applying Beam Propagation Method (BPM) and 

Finite Difference Time Domain (FDTD) Methods. The used Photonics Tools are: 

 OptiBPM and OptiFDTD Photonics Software Tools from Optiwave Systems Inc.   

 Apollo Photonics Software Tool.  

 BeamPROPTM and FullWAVETM R-Soft Photonics Software Tool from Synopsys Inc.  

There are various numerical methods for modelling waveguide structures but the main used 

methods are: 

 Frequency-domain Mode Solvers for calculation of eigenmodes and propagation con-

stants of straight and bent uniform waveguides, scalar, semivectorial, full vector, modal 

methods (Fourier modal method) [102] and discretization-based methods like Finite 

Difference (FD), Finite Element (FE), etc. 

 Frequency-domain “beam propagation” methods (BPM) are the scattering methods to 

calculate optical field distribution within a waveguide structure for a given excitation 

field. There are various kinds of BPMs, which use approximations of the derivatives in 

the wave equation [103, 104], as  Fast Fourier Transform (FFT-BPM) [105] using the 

fast Fourier transform, Finite Difference BPM (FD-BPM) using a finite-difference ap-

proximation [106] and Finite Element BPM (FE-BPM) using a finite-element approxi-

mation [107].  

 Time-domain methods (FDTD) method [108] and Finite Element Time Domain (FETD) 

method [109]) are numerical models of optical field generated by given distribution of 

sources, which solve direct numerical solution of Maxwell equations [110]. 

Analytical Method is possible only in the case of planar (slab) optical waveguide [111] that 

solves a resultant transcendental equation. The Marcatili`s analytical method [111] is a semi-

analytical approximation method for the analysis of buried waveguides and couplers, which 

gives accurate results for low-index-contrast waveguides. The authors in [112] improved Mar-

catili`s model in high-index-contrast (HIC) waveguides by adjusting the amplitudes of the com-

ponents of the electromagnetic fields. With this improved method they derivated the expres-

sions for the effective group index and the effects of external forces on the propagation constant.  

The accuracy of the numerical solution for the photonic device simulation depends on the 

methods and on the discretization parameters being used. [113]. The solution accuracy depends 

mostly on the index contrast waveguide. In case of analytical methods, the solution can be 
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obtained by solving the basic electromagnetic equations [114] and in opposite, numerical meth-

ods are computational models that can be used for many problems by modifying the basic model 

to fit the problem. But, both, analytical and numerical methods, play an important role in the 

modelling of optical waveguides and devices [115]. 

The design of optical components can be simulated successfully in 2D and 3D environment. 

In this thesis, Y-branch splitters were simulated in 3D only with RSoft Photonics tool and the 

achieved simulation results were compared with the 2D simulated results performed in Opti-

BPM. Both photonics tools are based on Finite Difference Method (FDM), which is used to 

obtain and analyse the mode characteristics of waveguides when the eigen equation of an opti-

cal waveguide is solved. Usually BPM and FDTD are based on Maxwell`s equations (see Ap-

pendix B.1) which are used to simulate optical waveguides and directional couplers and also 

simulate the propagation light in PLC devices. 

3.1.1 BPM Method 

BPM is the most used method to describe the evolution of electromagnetic wave propagation 

in photonics devices based on waveguide geometries, including optical waveguides. In this 

method the light propagation is studied in longitudinally varying waveguides such as Y-junc-

tions, MMI couplers, tapers and bends. There are many numerical methods as Fourier transform 

method, the finite difference method (see Appendix D.1) and the finite element method inte-

grated in BPM. Nevertheless, for the investigation of the light propagation in PLC devices the 

mostly used BPM method is based on the finite difference method.  

The principle of the BPM [116] is presented in Figure 1-left. The input parameter is the field 

𝛷𝑖𝑛(𝑥, 𝑦) = 𝛷0 (𝑥, 𝑦)   at z = 0 and for each propagation step the field z + Δz is calculated and 

the output is 𝛷𝑜𝑢𝑡(𝑥, 𝑦) = 𝛷𝐷 (𝑥, 𝑦) =  𝛷(𝑥, 𝑦, 𝐷) at z = D. BPM uses equidistant discretiza-

tion with respect to the z direction but in general the propagation step distance Δz can be differ-

ent for each propagation step. 

The general problem to be solved in case of a beam splitter is outlined in Figure 1-right, 

namely given an index distribution n(x, y, z), which defines the optical device and a wave field 

at the input, at z = 0, E(x, y, z = 0) the light distribution at the exit must be found. 

 

 

 

 

 

Figure 1: Principle of the BPM (left); general problem in optical propagation (right). 
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Based on slowly varying envelope method [117], the electrical field is                                        

𝐸 ⃗⃗  ⃗ = 𝐸 exp (𝑗𝑘0𝑛0𝑧) , where 𝑛0 is a reference refractive index.  Eq. A.6 (Appendix A.1) and 

wave equation for a homogenous waveguide can be expressed after some mathematical manip-

ulations as: 

𝛻2𝑬 ⃗⃗  ⃗  + 𝛻 (
𝛻ɛ𝑟

ɛ𝑟
∙ 𝑬 ⃗⃗  ⃗) + 𝑘2𝑬 ⃗⃗  ⃗ = 0                                            (3.1.1) 
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) (𝐸𝑥

𝐸𝑦
) = (𝑛0𝑘0

2 − 2𝑗𝑛0𝑘0  
𝜕

𝜕𝑧
) (𝐸𝑥

𝐸𝑦
)                                 (3.1.2)                                

 

where the electrical field in Eq. 3.1.2 is the full-vectorial form of the wave equation. A common 

application is the semi-vectorial finite-difference beam propagation (SVFD-BPM) method tak-

ing into account the discontinuities in the normal electric field components across the internal 

dielectric interface. In this case the method provides efficiency and accuracy where the coupling 

terms Pxy, Pyx between Ex and Ey are neglected and the basic formulas are: 
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     (3.1.3-b)                                                                         

 

Using the alternating directional implicit (ADI) method [118], each of above two equations 

will be split into two steps. First the equations are solved by a launch field at z = 0 and then 

they are integrated in z to obtain the field for the whole computational domain. 

3.1.2 FDTD Method 

Finite difference time domain method1 is based on Maxwell`s equations but a more rigorous 

method as BPM method, does not have any approximations or theoretical restrictions. The 

FDTD method was introduced by K. Yee [119] and then improved by others in the early 70s. It 

has the ability to model all wave effects such as propagation, scattering, diffraction, reflection 

and polarization through one analysis. It can also model material anisotropy, dispersion and 

nonlinearities [120] and can be roughly summarized as four parts:  

1. Method improvement: it contain a faster simulation scheme [121], high-order FDTD 

schemes [122], unconditional stable schemes [123] and alternating mesh scheme [124]. 

2. Boundary condition: PML [125], and APML [126]. 

                                                 
1 Is a state of the art method for solving Maxwell’s equations in complex geometries, with time and space solution 

by finite difference operators and offers an insight into all types of problems in electromagnetics and photonics. 

Additionally, it can also obtain the frequency solution by exploiting Fourier transforms, namely a full range of 

useful quantities can be calculated, i.e. the complex Pointing vector and the transmission/reflection of light. 
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3. Extending FDTD method to new material model: nonlinear material model, dispersive 

material model and quantum materials. 

4. Extending FDTD to new advanced application areas such as bio-photonics, nanostruc-

tures and biomedical. 

This leads to an algorithm2, which provides reliable solutions of field distributions and is 

applicable for a wide range of problems of computational electrodynamics [127]. Therefore, to 

solve an electromagnetic problem, it is important to simply discretize both, in time and in space 

Maxwell’s equations with central difference approximations. The Yee Algorithm divided the 

domain of interest (see Figure 2) into a grid of cubes (see Figure 3) and the electric field (E) at 

the centres of each of the faces is related to the magnetic field (H) of the pervious half time-

step. In the same way, a similar grid is formed, with the cubes being a half pitch away in space 

and time, but this time updating the magnetic field using the electric field of the previous half 

time step [128]. 

 
Figure 2: The Yee’s cell used in 3D FDTD simulation. 

 

 

 
Figure 3: The Yee’s Grid in the Cartesian coordinate system. 

                                                 
2 Yee algorithm.  
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Therefore, the method divides the three-dimensional geometry into cells to form a grid, 

called Yee cell. Using two meshes alternatively, and starting from time t = 0, we can step         

forward in time, applying any excitation by setting certain values within the domain at each 

time step. In this way, every field component is stored on a different grid. Yee’s algorithm 

solves for all E components at a given time-step based on previously computed and stored in 

memory H data. After that, the magnetic field is computed at the next time-step using E data 

just computed and the process is repeated until the time-stepping is concluded. However, at the 

each time-step the system of the electric and magnetic field components is updated based on 

the system of equations. The required computer memory and time is proportional to the size of 

computational domain, which is based on the size of photonic structure modelled.   

The Eq. B.13 and B.14 (see Appendix B.1) can be rewriting for a region of space where 

there is no flowing currents or isolated charges as: 

 

𝛻⃗  × 𝑬 ⃗⃗  ⃗ = −𝛍
𝜕𝑯⃗⃗⃗ 

𝜕𝑡
− 𝜎∗𝑯⃗⃗⃗                                                          (3.1.4) 

 

𝛻⃗   × 𝑯⃗⃗⃗ = ɛ
𝜕𝑬⃗⃗ 

𝜕𝑡
+  𝜎𝑬 ⃗⃗  ⃗                                                             (3.1.5) 

 

These two curl equations can be written in Cartesian coordinates as six scalar discretized 

equations according to Yee’s mesh [129] and then these can be solved with the FDTD method. 

Both, the E and H field component are put on a grid with grid points spaced Δx, Δy and Δz apart. 

It can be seen in Figure 3 that the field components are shifted to each other with a half of the 

step size. However, the time is discretized in steps of Δt and in this way the E field components 

are computed at time with a delay of Δt/2 compared to H field components. The discretized 

form of the Eq. (3.1.4) and (3.1.5) are: 
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The Eq. B.11 and B.12 can be iteratived and solved. For an accurate simulation, the spatial 

grid must be small enough to resolve the smallest feature of the field to be simulated. For this, 

there is a limit on the time step Δt to ensure stability in the algorithm. To minimize the numerical 

instability is choice S, called numerical stability or Courant-Friedrichs-Lewy factor3 [130]. 

                                                 
3 Stability factor for three dimensional geometry, which minimizes numerical instability, in this case the numerical 

dispersion and the numerical phase-velocity discontinuity. 



31 

When c is the speed4 of light in the material, Δt is the time step, Δx, Δy, Δz are the space incre-

ments in the x, y and z directions, the Courant condition5 [131] should be fulfilled: 

 

  𝑆 =  𝑐𝛥𝑡√
1

𝛥𝑥2  +  
1

𝛥𝑦2  +  
1

𝛥𝑧2 < 1                                                (3.1.6) 

 

The main disadvantages of the FDTD method are relatively high memory requirements and 

long computational time [132]. This means, that the available memory limits the maximum size 

of a computational domain that can be simulated, while the long computational time restricts6 

the use of the FDTD method for the simulations. But this limitations can be significantly re-

duced for example by using parallel computing. However, the PML for boundary conditions 

plays an important role in FDTD simulations because it prevents spurious reflections from the 

edge of the problem space and it is added to absorb the light emitted by the simulated structure 

from the boundaries of the computational region. Here can be pointed out that for this reason, 

the FDTD method is mostly used to simulate the small photonic structures based of high index 

contrast like for example the Silicon-on-Insulator (SOI) structures and not for low index pho-

tonic structures. SOI based waveguide devices used a high refractive index difference (see sub-

section 3.2.4) between the refractive index of the core and the cladding, this is approximately 

100 times higher than that of typical low index contrast waveguides [83]. For low index contrast 

based waveguide structures (larger than SOI-structures) it is better to perform BPM calculation 

of the complete photonics structure. 

3.2 Technological Verification of Used Photonic Tools 

The commercial photonics software tools listed in subsection 3.1 are widely used to design 

passive optical components including optical splitters. As will be shown in this thesis the sim-

ulated results of the designed splitters applying these tools show similar results, confirming the 

correctness of the used calculation methods. However, each of these tools features some draw-

backs. For example the main drawback of the Apollo Photonics tool is the fact that the exported 

GDSII files consist of some errors which make the file useless for the mask production. RSoft 

tool exports the splitter structures into GDSII format correctly however, the accuracy is much 

lower (10 times) than the one offered in the OptiBPM photonics tool. This has an influence 

mainly on the Y-branch splitter performance since this structure consists of many tiny wave-

guides. Therefore, the OptiBPM tool was mainly used for the splitter design. 

                                                 
4 Wave propagation speed. 
5 A time-dependent source is placed somewhere in the structure, and the E and H fields are calculated iteratively 

for each time step Δt. This fields are recorded for later analysis. 

6 The FDTD method can only simulate structures of a limited size since it requires huge amounts of physical 

memory o store the fields. 
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This software experience comes from the work done at Photeon Technologies where PhD 

supervisor Dana Seyringer was responsible for the development of the passive optical compo-

nents (Photeon Technologies was a company which was the design supplier of passive optical 

components in 2000-2008 [133]).  

All designs of passive optical components developed at Photeon were also technologically 

verified since the company had a close collaboration with various external professional found-

ries. Figure 4 shows as an example two mask layouts from two different technological runs. As 

can be seen, the mask layouts consist of optical splitters together with optical multiplexers/de-

multiplexers based on arrayed waveguide gratings [133].  

 

  
Figure 4: Two different mask layouts consisting of AWGs and optical splitters: (left) the 2nd techno-

logical run (2005) and (right) the 3rd technological run (2006) [133]. 

 

Figure 5 shows the detailed view of the splitter designs from Figure 4-right). 

 
Figure 5: Detailed view of the splitter designs from mask layout in Figure 4-right [133]. 

 

The fabricated wafers were diced and the optical chips were also measured at the foundries. 

Figure 6 shows the splitting characteristics of 1x32 Y-branch splitter from the 3rd technological 

run, measured in C-Band over the whole wavelength range (1520 nm – 1570 nm).  
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Figure 6: The optical characteristics of 1x32 Y-branch splitter measured in the C-Band [133]. 

 

As can be seen in Figure 7 the maximum measured non-uniformity ILu reached approxi-

mately 4.3 dB at  = 1570 nm. The non-uniformity at  = 1550 nm is ILu = 3.35 dB.  

 

Figure 7: Detailed view of the losses together with the calculated non-uniformity [133]. 
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Figure 8 presents the measurement set-up at International Laser Centre in Bratislava [134]  

who measured the fabricated optical chips in the case that the foundry did not included the chip 

measurement into the foundry services. Figure 9 shows the measurement of optical splitters. 

 

 

Figure 8: Measurement set-up at International Laser Centre in Bratislava:  the measurement of AWGs 

[134]. 

 

 

Figure 9: Measurement of optical splitters [134]. 

 

Based on this experience and also considering the fact that OptiBPM tool offers user-

friendly interface with some additional useful functions we decided to use primary this tool for 

the design of optical splitters presented in this work. 
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3.3 Design Principles 

The procedure of designing optical Y-branch and MMI splitters using experimentally well 

verified photonics tools are discussed in this subsection. 

3.3.1 Optical Splitter Design 

 

Y-Branch Splitter   

A design of conventional (standard) 1x4 Y-branch splitter with its characteristic parameters 

is shown in Figure 10. As can be seen from its geometry the splitter consists of a linear input 

port7, four linear outputs8 and three Y-branches, which are distributed into two layers. Port pitch 

between output branches, required for the connection with the fibers, was set   to 127 µm9. The 

length of the 2st branch layer, L (2nd) is double of the 1st branch layer, L(1st).  

The pitch between the waveguides in each branch layer was also doubled, i.e. in the 1st 

branch layer, the port pitch of output branches where fibers are connected, is W(1st) = 127 µm, 

and in the 2nd branch layer, W(2nd) = 2 x W(1st) = 254 µm.  

 

 
Figure 10: Geometry of 1x4 Y-branch splitter. 

 

 

 

 

                                                 
7 Set to 1000 µm, since this is the minimum length required for the connection with the fibers. 
8 Set to 2000 µm. 
9 This spacing is required for the connection with the fibers. 
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MMI Splitter  

A design of conventional (standard) 1x8 MMI10 splitter with its characteristic parameters is 

shown in Figure 11. These parameters are: 

 𝜆     is the operating wavelength 

 𝑛𝑐   is the refractive index of the core 

 𝑛𝑐𝑙  is the refractive index of the cladding 

 𝑁    is the number of output waveguides 

 a    is the width of the input/output waveguides 

 WMMI is the width of the multimode section 

 𝐷    is the pitch between two neighbour output waveguides (port pitch) 

 Lin    is the linear input port 

 Lout   is the length of the taper 

 LP     is the length of the output waveguides. 

 

 

Figure 11: Design of a conventional 1x4 MMI splitter with its characteristics parameters. 

 

The principle of MMI splitter can be seen in Figure 12. When the light enters the MMI 

section the high-order propagation modes of multimode section are excited. Through the inter-

ference between the excited modes, the split output signals can be formed. As shown in Figure 

12 the number of output signals can be controlled by cutting the multi-mode section in a par-

ticular length LMMI. From this follows that if we know the waveguide structure (𝑛𝑐 and 𝑛𝑐𝑙) and 

the number of split output channels (N) we can choose the waveguide width (WMMI) and for any 

wavelength 𝜆 we will get N-fold splitting point at a particular coupler length LMMI. For example 

Figure 12 bottom shows 8-fold splitting. This particular coupler length can be calculated from: 

 

                                        𝐿𝑀𝑀𝐼 = 
𝑛𝑐 ∙   𝑊𝑀𝑀𝐼

2

𝑁 ∙ 𝜆
                                                          (3.3.1)  

                                                                                               

where nc is the refractive index of the core, WMMI is the width of the multimode section, N is 

the number of output signals and 𝜆 is the operating wavelength. 

 

                                                 
10 Works on the principle of self-imaging effect appearing inside the multi-mode section [7]. 



37 

 
Figure 12: Principle of MMI splitter. 

 

Figure 13 summarizes once again the advantages and the disadvantages of both, Y-branch 

and MMI optical splitters. 
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Y-branch splitter design 

 

MMI splitter design 

 

Y-branch splitter simulation 

 

MMI splitter simulation 

 
Non-uniformly split signals at the output Uniformly split signals at the output 

Wavelength independency of Y-branch 

splitter 

 

Wavelength dependency of MMI splitter 

 

Advantages: 

 wavelength independent 

 polarization independent 

Disadvantages: 

 asymmetric splitting ratio causing non-

uniformity of the split power 

 large size 

Advantages: 

 large splitting number 

 stable splitting ratio: good uniformity over 

all the output channels 

 good fabrication tolerance 

Disadvantages: 

 wavelength and polarization dependent 

Figure 13: Comparison of Y-branch and MMI splitters [133, 135]. 
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3.3.2 Splitting Parameters 

In the design of passive optical components for FTTH-PON networks it is necessary to con-

sider different optical aspects as optical linear and nonlinear effects [136], optical amplification 

and attenuation [137], ageing of network elements [138], possible wavelength routing, etc.  

There are many features [70] that determine the application and function of the optical splitters, 

i.e. signal attenuation, direction of light transmission, number of input and output channels 

(ports), as well as the polarization sensitivity and single or multiple operations. The GR-1209 

standard [139] defines the performance optical criteria to determine the quality of PLC splitters. 

These are Optical Bandpass, Optical Insertion Loss, Optical Return Loss, Uniformity, Directiv-

ity and Testing Method. For our purposes only some of these criteria are essential, which are 

listed in Table 1.   

 

Table 1: Essential splitting parameters.  

Splitting parameters Abbreviation Unit 

Insertion loss  IL dB 

Insertion loss uniformity (non-uniformity) ILu dB 

Background crosstalk  BX dB 

 

Insertion loss (IL), of a channel is the fraction of the power transferred from the input port to 

the output port. It indicates the worst value over all channels considering both polarization 

states which can be defined by: 

  𝐼𝐿 = −10 𝑙𝑜𝑔10[(∑ 𝐼𝑖
𝑁
𝑖=1 )/𝐼𝑖𝑛]                                     (3.3.2) 

 

where Ii is the output energy from the ith output waveguide and Iin is the energy at the input 

waveguide. Figure 14 shows the graphical representation of this parameter. 

Insertion loss uniformity (ILu), also called the non-uniformity of the split power over all the 

output channels, is the difference between the highest peak and the lowest peak in the 

field distribution, i.e. the difference between minimum and maximum insertion loss11 

over all channels (Figure 14):  

𝐼𝐿𝑢 = 10 𝑙𝑜𝑔10[𝑚𝑖𝑛(𝐼𝑖)/max (𝐼𝑖)]                                   (3.3.3)    

                                                                         

Background Crosstalk (BX) is defined as the median peak transmission over all channels        

(Figure 14). 

                                                 
11 There are various source for optical splitters insertion loss, which attenuate the field propagation through an 

splitter structure as the propagation loss in bent waveguides, the coupling loss between the fiber and the wave-

guide, the material and scattering losses, etc. [83]. 
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Figure 14: Definition of insertion loss, IL, insertion loss uniformity (non-uniformity), ILu and 

background crosstalk, BX. 

3.3.3 S-Bend Waveguide 

The standard bend waveguide used to design Y-branch splitter has usually a shape of one of 

three S-bends12: s-bend-sine, s-bend-cosine and s-bend-arc (double-circle) shown in Figure 15 

[140, 141].  

 
Figure 15: S-bend waveguide geometry. 

 

 

The functions which describe the form of these S-bends are as follows [69]: 

 

                                                 
12 Key elements of PICs device that perform guiding, coupling, switching, multiplexing, demultiplexing and split-

ting of optical signal. 
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Sine:                         𝐿 =  √2𝜋ℎ𝑅𝑚𝑖𝑛                                                     (3.3.1)  

Cosine:                         𝐿 =  √
𝜋2

2
ℎ𝑅𝑚𝑖𝑛                                                       (3.3.2)   

Double-circle:                   𝐿 =  √4ℎ𝑅𝑚𝑖𝑛 + ℎ2                                                  (3.3.3)   

 

where Rmin is the minimum bend radius, h is the height of the bend and L is the length of the 

bend. 

A condition for the bending section of directional coupler is to be slowly converging or 

diverging curve to minimize the radiation losses [69]. The S-bend waveguide is defined physi-

cally by two parameters, which determine the length of the device, namely the bend radius R 

and the offset, O13 (in Figure 16): 

                 𝐿 =  2√𝑅2 − (𝑅 −
𝑂

2
)2                                                         (3.3.4) 

 

 
Figure 16: S-bend waveguide geometry.   

The general shape of the S-bend, connecting two straight waveguides with a lateral offset 

and a longitudinal offset, which describes Y-branch splitter is shown in Figure 17 and the ex-

pressions for the S-bend based on sine and cosine functions are, respectively, 

 

                                                        𝐿(𝑧 ) =  
𝑂

𝐿𝑧 
𝑧 − 

𝑂

2𝜋
sin (

2𝜋

𝐿
𝑧)                                             (3.3.5) 

 

                                                         𝐿(𝑧 ) =  
𝑂

2
(1 − 𝑐𝑜𝑠

𝜋

𝐿
𝑧)                                                    (3.3.6) 

 

A slow convergence bending section appears in a longer effective coupling length for the 

device. In this way, the curvature radius R is decreasing, the optical path direction is changed 

                                                 
13 The displacement of the channel in the upper direction. 
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at a shorter propagation distance and the smaller device length of the bend waveguide. On op-

posite, the optical bending loss increases as the curvature radius R decreases [142, 143]. 

 

 
Figure 17: S-bend waveguide connecting two straight waveguides. 

 

The influence of the shape of different predefined waveguides (s-bend-arc, s-bend-sine, s-

bend-cosine) on the scattering was studied later in this thesis (see subsection 3.3.6.) by applying 

OptiBPM tool. 

3.3.4 Used Waveguide Structures and Materials 

The basic unit for photonic components is an optical waveguide14 with its basic working 

principle of total reflection of light. In a certain sense an optical waveguide is as the electrical 

wire in the electronics. In this way, an optical signal propagates always along the region with 

higher refractive index. 

Table 2 shows a waveguide classification by looking at the number of dimensions in which 

the light is confined.  

 

Table 2: Classification of optical waveguides.  

Dimensions of light confinement Classification of optical waveguides 

1D Planar waveguide 

2D Channel waveguides/Optical fibers 

3D Photonics crystals 

 

The buried channel waveguide and different geometrical structures of commonly used 2D 

optical waveguides (except planar waveguide) are presented in Figure 18, where the high index 

layer is shown in dark grey and the low index layer in light grey.  

                                                 
14 An optical structure that allows the confinement of light within its boundaries by total internal reflection. 
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Buried channel waveguide 

 

Strip waveguide 

 

 

Planar waveguide 

 

Strip-loaded waveguide 

 

Figure 18: Schematics of different geometrical structures of 2D optical waveguides (except planar 

waveguide).  

 

Depending on the applications the optical splitters can be fabricated using different material 

platforms as: 

1. Low-index-contrast waveguide technology:  

 silica-on-silicon (SoS) buried waveguides [83]. 

2.  High-index-contrast waveguide technology:  

 silicon-on-insulator (SOI) ridge waveguides [144 - 147]  

 SOI-nanowires [83] 

 buried InP/InGaAsP ridge waveguides [146, 148] 

 polymer waveguides [149, 150] 

 Si3N4 waveguides [151, 152]. 

SoS: is a popular choice for passive waveguide devices used primary in telecommunication 

applications because of its outstanding advantages as for example the modal field matches 

well with that of single-mode optical fibers, making it relatively easy to couple them to 

fibers [83]. Another advantage of SoS-based waveguide devices is that they combine low 

propagation loss (<0.05 dB/cm, the reason is the little absorption and scattering) with a 

high fiber-coupling efficiency (low loss of order of 0.1 dB). This is the case of so called 

weakly guiding glass waveguide technology where the refractive index difference be-

tween cladding and core is Δn = 0.75% corresponding to the index contrast of the fibers. 
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However, the low-refractive-index contrast means a very large bending radius of the 

waveguides is needed. A consequence is a large size of silica-based optical splitters (sev-

eral square centimetres), which limits the integration density of SiO2-based photonic de-

vices.  

SOI: In contrast to this, the high-index-contrast waveguide technology uses a refractive index 

difference of Δn ~ 2.055 for Si/SiO2 and 2.5 for Si/air, between the refractive indices of 

the core (Si, nc ~ 3.5) and the cladding (SiO2, ncl ~ 1.445, or air, ncl ~ 1.0). In percent is 

the refractive-index difference approximately 100 times higher than that of typical SoS 

waveguides, namely Δn ~ 58%. A consequence of the fact that the waveguide size de-

creases proportionally to the increase of refractive index contrast is that the waveguide 

size for this material composition shrinks into the nanometer scale [83]. In this way it is 

possible to guide the light in waveguides with a far smaller bending radius (bending in 

order on the scale of several tens of microns), which leads to a marked reduction in the 

size of optical splitters by more than two orders of magnitude when compared to the op-

tical splitters based on silica materials. Therefore, high index contrast based devices are 

a good candidate for high density integration on a chip. 

Table 3 summarizes different materials used for waveguide manufacturing, waveguide struc-

ture, the advantages and disadvantages [151].  

 

Table 3: Review of the different materials used for PLC devices.  

Material Waveguide structure Advantage Disadvantage 

SiO2 

(SoS waveguide) 

 

Very low loss, small propa-

gation loss and good 

matching to single mode 

(SM) fiber 

Suitable only for 

passive functions 

Si 

(SOI waveguide) 

 

High refractive index con-

trast, high integration den-

sity, compatible with Si 

electronics 

Indirect bandgap, 

unsuitable for light-

ing 

InP 

 

Direct bandgap, good for 

light emitters, high speed 

modulation lighting 

High cost, complex 

technology 

Polymer 

 

Ease of fabrication, low 

cost, good Electro-Optic, 

Thermal-Optic performance 

Stability, aging 

3.3.5 SoS Waveguide Structure  

To design optical splitters, as a first step it is necessary to design waveguide structure. The cross 

section of the standard SiO2-buried rectangular waveguide structure, used in the splitter 

designs for telecommunication applications, is usually (6x6) µm2 to ensure the single 
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mode light propagation only (see Figure 19-left). The refractive-index contrast difference 

between the cladding and the core (waveguide) is Δn ~ 0.011 (~0.75%), where the refrac-

tive-index of the core 𝑛𝑐~1.456  and of the cladding 𝑛𝑐𝑙~1.445 (taken from the standard 

technology of the foundry mentioned in Section 3.2). The used refractive index difference 

corresponds to the index contrast of the fibers, which makes it relatively easy to couple 

them to fibers [83], (see Figure 19-right).  

 
Figure 19: The cross-section of SoS waveguide structure (left); comparison of the waveguide dimen-

sions with the standard SM fiber (right).   

 

Design of SoS Waveguide Structure in Apollo Photonic Tool 

 Figure 20-left shows the structure of SoS waveguide designed in Apollo Photonics tool. The 

basis is the substrate, having thickness DS and width WGW with a refractive index of ncl = 

1.445. Above the substrate is placed a channel with a refractive index of ncl = 1.445 again. 

Inside the channel is located the core having a refractive index of nc = 1.456. The core size is 

defined by the width W and thickness D. Above the core is the cover with a refractive index of 

ncl  = 1.445 and thickness D. Some additional layers (layer 1… layer N) can be used to design 

more complex waveguide structures. Therefore, in our waveguide design the thicknesses of 

these layers were set to zero.  According to this, the core width W and the thickness D were set 

to 6 µm, the waveguide width WGW was set to 30 µm and the waveguide height was set to 20 

µm by setting the size of the substrate DS and of the cover DC to 10 µm. Figure 20 right shows 

the graphical representation of the channel waveguide cross-section in Apollo Photonics tool. 

All geometrical parameters of the waveguide are listed in Table 4. 

 

 

 

 

Table 4: Geometry of SoS waveguide with a core size of (6x6) µm2.  

Name Variable Expression 

Width W 6 µm 
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Waveguide Width 

Thickness 

Channel Bottom 

Cover 

Substrate 

WGW 

D 

CB 

DC 

DS 

30 µm 

6 µm 

-3 µm 

10 µm 

10 µm 

 

 

 

 

 

Figure 20: Design parameters of a waveguide structure in Apollo tool (left); The design of the wave-

guide with (6x6) µm2 core size in Apollo Photonics (right). 

 

Figure 21 shows the graphical representation of the optical field simulated in the designed 

waveguide from Figure 20. 

 

Figure 21: Optical field in the waveguide, simulated in x and y in Apollo Photonics. 

Design of SoS Waveguide Structure in Optiwave Tool  

Designing and simulating a waveguide structure in OptiBPM is slightly different from 

Apollo Photonics. In the first step two new materials were defined, namely the cladding with a 

refractive index of ncl = 1.445 and the core with a refractive index of nc = 1.456. After defining 
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the material, the waveguide was designed. The structure is the same as in Apollo Photonics 

tool, namely the basis of the waveguide structure forms the Substrate having a width of 30 µm 

and a thickness of 10 µm. The material of the substrate is cladding with a refractive index of ncl 

= 1.445 which was defined before. The Channel, that has a width of 6 µm and a thickness of 6 

µm, was located above the substrate. The material of the channel is the core with a refractive 

index of nc = 1.456 and the offset was set to 6 µm to get the same structure as in Apollo Pho-

tonics tool. The final layer forms the Cover with a width of 30 µm and a thickness of 10 µm. 

The material is cladding, the same as of the substrate and the offset was set to 10 µm (see Figure 

22). 

 
Figure 22: Defining the waveguide structure in Optiwave tool. 

3.3.6 Silicon Nitride Waveguide Structure  

SiN is a common material in CMOS fabs and is typically deposited by either Low Pressure 

Chemical Vapour Deposition (LPCVD) at high temperature (>700 °C) or by Plasma Enhanced 

Chemical Vapour Deposition (PECVD) at low temperature (<400 °C). LPCVD-based SiN, typ-

ically close to stoichiometric Si3N4, is highly strained and provides excellent control over the 

homogeneity of material index and thickness. It has a refractive index of around 2.0 at a wave-

length of 1550 nm. PECVD-based nitride has a composition that depends strongly on the dep-

osition conditions and can be silicon-rich (higher refractive index) or nitrogen-rich (lower re-

fractive index). Both types of nitride have been used for PICs. To this end the LPCVD nitride 
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is annealed at high temperature to drive out the hydrogen [153]. SiN is transparent throughout 

most of the visible range – down to at least 500 nm – it is a viable candidate to implement 

“silicon photonics” at wavelengths below 1.1 µm. This has led to demonstrations of spectro-

scopic functions, Raman spectroscopy-on-chip functions and integration with colloidal quan-

tum dots emitting in the visible spectral range. SiN waveguides are less sensitive to a waveguide 

sidewall roughness in comparison to silicon photonics (SOI), while the compact footprint is 

largely maintained. One could say that the index contrast in silicon nitride waveguides fits 

nicely in the middle between the high-index and low-index-contrast waveguide material plat-

forms.  

Such compact devices can easily be implemented on-chip and have already found various 

applications in WDM systems and in other emerging applications, such as optical sensors [152]. 

SOI strip waveguides completely surrounded by a silica cladding have typical waveguide losses 

of 1 to 2 dB/cm, largely due to the scattering losses associated with sidewall roughness. In SiN 

photonic wires these losses can in principle be an order of magnitude lower. The losses can be 

reduced further by using shallow rib waveguides or very thin strip waveguides. Losses down to 

≈1 dB/m have been reported for such SiN waveguides, but this is obviously at the expense of 

lateral and/or vertical confinement [154].  

 For the design of the optical splitters based on silicon nitride two different waveguide struc-

tures were used, i.e. a channel structure and a shallow rib waveguide structure.  

  

 Channel Waveguide Structure 

 Figure 23 shows the graphical representation of the channel waveguide cross-section (left) 

together with an optical field simulated in the waveguide (right). As can be seen, the waveguide 

has a channel structure, i.e. a core that is surrounded by a cladding. The refractive index of the 

core is nc = 1.95 and of the cladding ncl = 1.455. The size of the waveguide was designed to 

support single mode only (650 x 220) nm2.  

 

   

Figure 23: Cross-section of the designed waveguide structure with all important desing parameters 

(left); optical field in the waveguide, simulated in x and y axis (middle and right). 

 

 

Shallow Rib Waveguide Structure 

As can be seen in Figure 24-left, the shallow rib waveguide structure consists of a silicon 

substrate on which 10 µm thick thermal SiO2 buffer layer is grown by thermal oxidation. The 

refractive index of this layer is nb = 1.456. As a next step, a 0.5 µm thick silicon nitride active 



49 

layer, with refractive index nc = 1.925, is deposited by PECVD. This layer is shallow etched 

down to 0.25 µm to create the rib structure of the waveguide. In the final step, a 3 µm SiOx 

passivation layer with refractive index of np = 1.48 is deposited by PECVD. The width of the 

waveguide was tested in various simulations to reach a single mode propagation of the optical 

beam.  

 

   

Figure 24: Contour map of transverse refractive index profile created in RSoft tool (left); normalized 

E mode profiles (middle and right). 

 

Calculations of guided modes in the designed waveguide structure and their effective refrac-

tive indices (neff) were performed by finite element method (FEM in RSoft photonics tool) at 

850 nm wavelength in free space. Figure 25 shows output of the calculations, i.e. the numbers 

and Neff values of the modes guided in SiN waveguide, depending on the waveguide width. 

Based on these simulations we chose the width of the waveguide to be 0.5 µm. Figure 24-mid-

dle and right presents normalized Ex and Ey mode profiles simulated in the final waveguide 

structure used later for the Y-branch splitter design (see section 3.4.6).  

 

 
Figure 25: Dependence of Neff of guided modes on waveguide width having 0.5 m height. 
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3.4 Design of Low-Index-Contrast Y-Branch Splitters 

Designs of SoS standard15 Y-branch splitters are based on the design of 1x4 Y-branch splitter 

[155] as shown in Figure 10. The branches of this splitter were designed using a predefined “s-

bend-arc” shape in OptiBPM tool from Optiwave because this shape provides the lowest losses 

from the predefined standards shapes [156]. This splitter is composed of a three branches, a 

linear input port set to 1000 µm, four linear outputs and three branches, which are distributed 

into two layers. The width of the ports and the branches was set to 6 µm, the port pitch of the 

output branches, required for the connection with the fibers, was set to 127 µm. The output 

port’s length was set to 2000 µm.  The length of the 1st branch layer was tested in various 

simulations and set to L(1st) = 5000 µm. If the parts were shorter (stronger bending), the losses 

increased, if the parts were longer (weaker bending), no improvement of the splitting parame-

ters was achieved. The length and the width of the 2nd branch was doubled to keep the same 

bending of s-bend-arc parts as in the first branch. Therefore the length of the first branch was 

set to L(2nd) = 10000 µm and the pitch W(2nd) =256 µm. Finally, the whole length of the splitter 

reached 18000 µm. 

 

 
Figure 26: Design of “standard” SoS 1x4 Y-branch splitter. 

3.4.1 Design of 1x8 Y-Branch Splitter 

Design of 1x8 Y-branch splitter is constructed from two 1x4 Y-branch splitters connected by 

an additional branch (see Figure 27). To keep further the constant bending shape the 3rd branch 

layer was also doubled i.e. L(3rd) = 20000 µm. The pitch between the waveguides in each branch 

layer was automatically doubled, i.e. in the 1st branch layer, the port pitch of output branches 

where fibers are connected, W(1st) = 127 µm, in the 2nd branch layer W(2nd) = 254 µm and in 

the 3th branch layer W(3th) = 508 µm. Thereby the whole length of the 1x8 Y-branch splitter 

reached 38000 µm and the width of the splitter was 889 µm (= 7x127 µm).  

                                                 
15 The standard shape was used, this means a waveguide having (6x6) µm2 cross section. 
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Figure 27: Layout of SoS 1x8 Y-branch splitter applying OptiBPM tool. 

3.4.2 Design of High Splitting Ratio Y-Branch Splitters 

The high splitting ratio Y-branch splitter designs were constructed as follows: the design of 

standard 1x16 Y-branch splitter was obtained from two 1x8 Y–branch splitters which were con-

nected by another Y-branch to get 1x16 Y-branch splitter. The length of this additional branch 

is L(4th) = 2 x L(3rd) = 40000 µm. The standard 1x32 Y-branch splitter was designed from two 

1x16 Y-branch splitters by adding an additional branch having the length L(5th) = 2 x L(4st) = 

80000 µm. Consequently in the design of the “standard” 1x64 Y-branch splitter, two 1x32 Y-

branch splitters were connected by an additional branch, namely L(6th) = 2 x L(5st) = 160000 

µm The individual widths and lengths of branch layers of 1x16, 1x32 and 1x64 Y- branch split-

ters are given in Table 5. 

 

Table 5: Summary of the high splitting ratio Y-branch splitter designs. 

 1x16 Y-branch splitter 1x32 Y-branch splitter 1x64 Y-branch splitter 

Number of layers 4 5 6 

Number of Y-branches 15 31 63 

Width of the splitter 1905 µm 

(= 127 µm x 15) 

3937 µm 

(= 127 µm x 31) 

8001 µm 

(= 127 µm x 63) 

Length of the splitter 78000  µm 158000 µm 318000 µm 
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3.4.3 Length Optimization of High Splitting Ratio Y-Branch Splitters 

As presented in Table 5 one of the main disadvantages of the low-index-contrast Y-branch 

splitters is that they are too long to keep the propagation losses in the waveguides low. There-

fore, the next task of this work was to optimize the length of the “standard” high splitting ratio 

Y-branch splitters without destroying their optical properties. 

3.4.3.1 Length Optimization of 1x32 “Standard” Y-Branch Splitter 

Figure 28-left shows the design of standard 1x32 Y-branch splitter. Its size reached 158000 

µm. In the length optimization of this splitter as a first step we reduced the length of the 5th and 

the 4th branch layers because they are too long (see Figure 28-right). To this purpose we used 

exactly the same splitter layout but with the length of the 5th and the 4th branch layers reduced 

to L(5th) = 40000 µm  and L(4th) = 20000 µm. After, the whole length of the splitter shrank from 

158000 µm to 98000 µm. We will call such Y-branch splitter design as a “length optimized” 

design. 

 

  

Figure 28: Layout of 1x32 Y-branch splitter: “standard” structure (left); “length optimized” splitter 

structure (right). 

 

Based on the simulated results of the “length optimized” 1x32 Y-branch design (Section 

4.2.6) the following further length reductions of the splitter were proposed (see Figure 29): 

 The 5th branch layer length was reduced by 15% (Option 1). 

 The 5th branch layer length was reduced by 20% (Option 2). 

 The 5th branch layer length was reduced by 50% and between the 5th and the 4th branch 

layers a 500 µm linear waveguide was placed (Option 3). 

 The 5th, the 4th and the 3rd branch layer lengths were reduced by 15% (Option 4). 

For the clarity, these Y-branch splitters will be called as “further length reduced” 1x32 Y-

branch splitters. 
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Option 1 Option 2 

  
Option 3 Option 4 

  

Figure 29:  Design layouts of the “further length reduced” 1x32 Y-branch splitter structures for all 

four options. 

 

Option 1: Reducing the 5th branch layer length by 15%: in this design the “length opti-

mized” 1x32 Y-branch splitter layout from Figure 28-right was used but with the length of the 

5th branch layer reduced further by 15% of its original value, namely L(5th) = 34000 µm (Figure 

29 Option 1). After, the whole length of the splitter was reduced from 98000 µm to 92000 µm.  

Option 2: Reducing the 5th branch layer length by 20%: since the further reduction of 

the 1x32 Y-branch splitter (Option 1) did not have a negative influence on the splitting param-

eters (see subsection 4.2.1), we reduced the 5th branch layer length instead of 15% by 20%, i.e. 

from 40000 µm to 32000 µm (see Figure 29 Option 2). 

Option 3: Reducing the 5th branch layer length by 50% and adding 500 µm linear wave-

guide: another possibility to reduce the total length of the “length optimized” 1x32 Y-branch 

splitter is to reduce the length of the 5th branch to the half and to insert a 500 µm linear wave-

guide between the 5th and the 4th branch layers (see Figure 29 Option 3). Based on the length 

reducing options 1 and 2 we chose this length reduction option because the length of the 5th 



54 

branch was still too long. However, while this branch got too steep we added a linear wave-

guides between the 5th and the 4th branch layers. Therefore, the length of the 5th branch was 

halved, from 40000 µm to 20000 µm and a linear waveguide with the length 500 µm was in-

serted between the 5th and the 4th branch layers. The total length of the “further length reduced” 

splitter then reached 78500 µm.   

Option 4: Reducing the 5th, the 4th and 3rd branch layer length by 15%: the same “length 

optimized” Y-branch splitter was used but its length was further reduced: the 5th, the 4th and the 

3rd branch layer lengths were reduced by 15%, so that the length of the 5th branch, L(5th) = 

34000 µm, the length of the 4th branch was L(4th) = 17000 µm and the length of the 3rd branch, 

L(3rd) = 17000 µm (see Figure 29 Option 4). Therefore, the whole length of the splitter shrank 

further to 86000 µm. It is important to point out that in all optimized designs the width of the 

whole structure remained constant (= 31 x 127 µm). 

3.4.3.2 Length Optimization of 1x64 Standard Y-Branch Splitters 

Figure 30-left shows the design of standard 1x64 splitter. As can be seen the structure is too 

long. Based on the knowledge of the length optimization gained from 1x32 Y-branch splitter 

design the next task of this work was to reduce the length of the “standard” 1x64 Y-branch 

splitter without destroying its splitting properties, i.e. to design the shorter splitter keeping sym-

metrical splitting ratio. To reach this the following length reduction optimizations were pro-

posed and simulated: 

 The 6th branch of the 1x64 Y-branch structure has the standard length 160 000 µm and 

is combined with two identical “further length reduced 1x32 Y-branch structures (Fig-

ure 29 Option 4). This reduction is called Variant 1. 

 The length of the 6th branch layer was reduced according to the length of Option 4 of 

the 1x32 Y-branch splitter (Figure 29), i.e. 50% and then additionally by 15% of original 

size. This reduction is called Variant 2. 

 We took the Variant 2 but the length of the 6th branch layer is further reduced to the half, 

so that the lengths of the 6th and the 5th branch layers were equal, i.e. L(6th) = 34 000 µm 

and L(5th) = 34 000 µm. This reduction is called Variant 3. 

Variant 1: In this case we choose the length optimization like a combination between 1x32 

Y-branch structure from the Option 4 (design of the “further length reduced” 1x32 Y-branch 

splitter structure, in Figure 29) and kept the 6th branch layer length of standard 1x64 Y-branch 

splitter constant. The design of the “length optimized” 1x64 Y-branch splitter using Variant 1 

is shown in Figure 30 Variant 1. Here, the standard length of the 6th branch layer of the 1x64 

Y-branch splitter was used, namely L(6th) = 160 000 µm, but together with the “length opti-

mized” 1x32 Y-branch splitter (Option 1). Therefore the whole length of this optimized splitter 

shrank from 318 000 µm to 246 000 µm. The width of the whole splitter structure remained 

constant.  
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Standard 

 

Variant 1 

 
Variant 2 

 

Variant 3 

 

Figure 30: Layout of “standard” 1x64 Y-branch splitter (top-left); “length optimized” 1x64 Y-branch 

splitter using Variant 1 (top-right); “length optimized” 1x64 Y-branch splitter using Variant 2 (bot-

tom-left) and Variant 3 (bottom-right). 

 

Variant 2: For the length optimization by Variant 2 we reduced directly the 6th branch layer 

of the structure to the half and then by 15%, i.e. from 160 000 µm to the 68 000 µm and the 

other design parameters remained the same. The length of the standard Y-branch splitter was 

reduced from 318 000 µm to 154 000 µm (see Figure 30 -Variant 2). 

Variant 3: Here the length of the 6th branch layer from the splitter structure from Variant 2 

was reduced by 50%, so that the length of the 6th branch, L(6th) = 34000 µm, the length of the 

5th branch, L(5th) = 34000 µm (see Figure 30 -Variant 3). Therefore, the whole length of the 

splitter shrank further to 120000 µm. The width of the whole structure again remained constant.  
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3.4.4 Optimization of Optical Properties of High Splitting Ratio Y-Branch Splitter 

As explained in the section 3.4.3 the main losses in the Y-branch splitters are caused by the 

scattering of the light at the curvature of the waveguides. Therefore, the influence of the shape 

of different predefined waveguides (s-bend-arc, s-bend-sine, s-bend-cosine, from Fig. 15) on 

the scattering was studied by applying OptiBPM tool (see Figure 31). Figure 31-left shows the 

top view of all three simulated s-bend waveguides. As can be seen the greatest scattering of 

light is at the curvature points.  

 

s-bend-arc Y-branch waveguide shape 

field distribution of  s-bend-arc Y-branch 

waveguide shape 

  

 

s-bend-sine Y-branch waveguide shape 

field distribution of  s-bend-sine Y-branch 

waveguide shape 

  
 

s-bend-cosine Y-branch waveguide shape 

field distribution of  s-bend-cosine  Y-branch 

waveguide shape 

  

Figure 31: Top view of all three simulated s-bend waveguides (left), field distribution of the output 

signals (right). 

Figure 31-right shows the field distributions at the output of the waveguides with some noise 

coming from the scattered light. Based on this study, a new design of a waveguide shape was 

proposed. 
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The structure of the new branch shape (Figure 32-right) combines two s-bend-cosine wave-

guides (Figure 32-left) and a linear waveguide having nearly no losses, because the light is not 

impended in its “natural” motion. To obtain good light guiding through the waveguide it is 

important that the slope at the end of the bending equals the slope of the linear part. Only in this 

case the light transition from the s-bend waveguide part to the linear part is very smooth and 

the light is guided well and the scattering of the light is minimized (see Figure 33). 

 

 
Figure 32: Standard branch waveguide shape (left); new branch waveguide shape (right). 

 

 
Figure 33: New Y- branch waveguide shape: Top view of simulated structure (left); Field distribution 

of new waveguide shape (right). 

 

3.4.4.1 Design of “New Shape” 1x32 Y-Branch Splitter 

The design of “new shape” 1x32 Y-branch structure is based on the previous splitter design, 

starting from “new shape” 1x4 Y-branch splitter that was tested in various simulations (see 

Figure 34-left). The design of 1x32 Y-branch splitter using the new shape is shown in Figure 

34-right.  
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Figure 34: Layouts of 1x4 Y-branch splitter using new shape (left) and “new-shape” 1x32 Y-branch 

splitter (right) designed in OptiBPM tool. 

 

The dimensions of this splitter are essentially the same as of the “standard” 1x32 Y-branch 

splitter design shown in Figure 28-left only the branches lengths were adjusted to comply the 

fact that the slope at the end of the bending is the same as the slope of the linear part to keep 

further constant bending shape: length of the 5th branch, L(5th) was recalibrated to 84160 µm 

and the length of the 4th branch, L(4th) to  41040 µm. The other branch dimensions are the same, 

namely L(3rd) = 20000 µm, L(2nd) = 10000 µm, L(1st) = 5000 µm and the length of the output 

ports was set to 2000 µm. The length of the linear input port was set to 1000 µm. Consequently, 

the pitch between the waveguides in each branch layer was the same as in the “standard” 1x32 

Y-branch splitter design, i.e. in the 1st branch layer W(1st)  = 127 µm, in  the 2nd branch layer, 

W(2nd)  = 254 µm, … , in the 5th branch layer, W(5th) = 2032 µm. After, the whole structure 

reached a length of 163 000 µm and the width of the splitter was 3937 µm (= 31x127 µm). We 

will call this design a “new shape” design. 

3.4.5 Design of MMI Splitters 

A conventional MMI splitter with eight outputs was designed using OptiBPM tool and its 

layout together with its design parameters is presented in Figure 35. The width, WMMI of the 

multimode section was set to 200 µm and the length, LMMI was accordingly set to 4843 µm. The 

waveguide pitch was expanded to 127 µm port pitch, D by adding an “s-bend-arc” part to each 

output (similarly to Y-branch waveguides) and the length of the s-bend-arc part, Lp was set to 

10000 µm. The whole length of the 1x8 MMI reached 16023 µm. 
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Figure 35: Layout of 1x8 MMI splitter applying OptiBPM tool.  

 

3.4.5.1 Design of 1x16 MMI Splitters 

Figure 36 shows a layout of 1x16 MMI splitter with all design parameters. 

 

 
Figure 36: Layout of 1x16 MMI splitter using OptiBPM tool. 

 

To study an influence of the design parameters on the optical properties of the MMI splitter, 

the width of the multimode section, WMMI was varied, i.e. was set to 200 µm (Design 1 = D1), 

300 µm (Design 2 = D2), 400 µm (Design 3 = D3) and 500 µm (Design 4 = D4). The length of 

the MMI section, LMMI changed accordingly from 2458 µm to 5368 µm, to 9529 µm and to 

14932 µm. The length of the output waveguides, Lp was tested for different lengths, as 5 000 

µm, 7 500 µm and 10 000 µm. The length of the input port Lin was set to 1000 µm and the length 

of the tapers, Lout was 180 µm. The pitch of the output ports was set to 127 µm. We have used 

again predefined “s-bend-arc” shape for the output waveguides since these ensure the lowest 

losses. Table 6 summarizes all four designs.  
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Table 6: Summary of the geometry of all four designs. 

Design W  (µm) LMMI (µm) LP (µm) 

D1 200  2458 5 000 

D1 200   2458 7 500 

D1 200  2458 10 000 

D2 300   5368 5 000 

D2 300   5368 7 500 

D2 300   5368 10 000 

D3 400   9529 5 000 

D3 400   9529 7 500 

D3 400   9529 10 000 

D4 500   14932 5 000 

D4 500   14932 7 500 

D4 500   14932 10 000 

The 1x16 MMI splitters with different lengths LMMI, different widths WMMI of the MMI sec-

tion and lengths, LP of the output ports were designed and simulated and the best design of 1x16 

MMI splitter was chosen.  

3.4.6 Optical Splitter Design for Application in Telecommunication Access Network 

with Triple-Play Services 

SoS based optical splitters were designed for the applications in telecommunication. There-

fore, their influence in access networks as for example GPON and XG-PON by ITU-T16: with 

triple-play services (i.e. data, voice and video) was investigated. To this purpose, the standard 

and optimized splitter designs, presented in previous subsections, where used.  

Based on the achieved simulation results we proposed a new extremely low-loss length op-

timized splitter with a smaller waveguide core size, which reduces the non-uniformity of the 

split power. The calculated splitting parameters were incorporated in the simulations of partic-

ular passive optical network scenarios. For this purpose “OptSim” environment using Time 

Domain Split Step method was employed. The length-optimized splitters from this thesis have 

been investigated in different PON schemes by the author R. Agalliu from the Czech Technical 

University in Prague, Faculty of Electrical Engineering, Department of Telecommunication En-

gineering, who I have cooperated during my doctoral study with. The results of these scenarios 

will be describe in the section 4.3.     

OAN mostly use the tree topology to distribute the service from the OLT on the provider’s 

side to the subscribers in an ONU. For the design of such networks, one has to consider different 

                                                 
16 International Telecommunication Union (ITU). 
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aspects like optical linear and nonlinear effects [157, 158], optical attenuation and amplification 

[8], possible wavelength routing [159], or ageing of network elements [160], among others.  

The multiplexing techniques are required to efficiently utilize the available bandwidth and 

transmission media. One of the main multiplexing technique used in PONs is the Time Division 

Multiplexing, in which a certain time-slot is assigned to each of the ONUs. The recommenda-

tions, in which most of the OANs are based on, are: GPON [161] and EPON [162]. In this 

example we focused on GPON, because it offers higher bandwidth than EPON. We considered 

in the simulations also its 10 Gbps option, as recommended by the ITU-T: XG-PON [163]. The 

simulations were performed in OptSim environment, version 5.2 by RSoft Design [164]. We 

simulated the standard 1x64 Y-branch splitter with (6×6) μm2 waveguide core size and low-

loss length optimized 1x64 Y-branch splitter with (5.5×5.5) μm2 waveguide core size (see sec-

tion 4.3). The network design is based on GPON [162] and XG-PON [164]. We employed ITU-

T recommendation [8] for the wavelength ranges, as shown in Figure 37. Allocation of the 

wavelengths recommended by ITU-T is selected to avoid cross-talks between GPON and XG-

PON signals. A 10-nm wavelength window is allocated for the distribution of the video signals 

(see Figure 38).  

 

 
Figure 37: Wavelength ranges for GPON/XG-PON and video components. 
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Figure 38: GPON/XG-PON simulation schemes with triple-play services employing the designed 

1x64 splitters. 

 

To this purpose we chose a “standard” Y-branch splitter with 64 outputs (from Figure 30) 

and the shortest length optimized 1x64 Y-branch splitter (from Figure 30). Both proposed split-

ter designs were deployed in a PON and compared to each other in terms of physical reach of 

the PON, Q-factor and Bit Error Rate (BER). 

The goal of the simulations was to show the practical benefits of the proposed splitters in the 

optical access network, which transmits data/voice and video streams in direction to users. Sim-

ulation scheme is shown in Figure 38. We focused on the downstream traffic, which does not 

restrict the generality of the problem. The network consists of three parts: OLT which includes 

transceivers at the provider's side, ODN (the transmission path components) and ONU, includ-

ing transceivers at the customer's premises. 

We simulated both GPON (2.5 Gbps downstream) and XG-PON (10 Gbps downstream). 

Voice transmitter can be considered as a VoIP service due to its current applications and wide 

deployments globally. The data and VoIP transmitters generate optical Non-Return-to-Zero 

modulated signals, multiplexed with the video component using the Coarse WDM technique. 
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Wavelength selection is shown in Figure 37. The 800 Mbps video stream was generated using 

a 16-QAM modulation. The data/voice/video transmitter’s output power was -3 dBm, which is 

a commonly used value for optical transmitters. 

The ODN consists of a 20 km long standard SMF with the attenuation factor of 0.2 dBkm-1 

and the 1x64 splitter to be analyzed. The drop-off cable is several meters long. Its purpose is to 

consider the fiber connections at the customer promises. We used different components in 

OptSim environment for signal analysis, such as spectrum analyzers, power meters, among 

others. The investigated signal parameters are BER and Q-factor [165]. The threshold BER 

value is 10-12, and the limit Q-factor ensuring correct transmission is 7. The Q-factor decreases 

as the BER increases. Essentially, Q-factor indicates the minimum required optical signal to 

noise ratio to achieve a certain BER value. It can be calculated as shown in (4.5.1): 

  

𝑄[−] =  
µ1− µ0

б1+ б0
                                                        

(4.5.1)

 
 

where μ0, μ1 stands for the mean log.0, log.1 level values, and σ0, σ1 for their standard deviations. 

The mathematical relation between Q-factor and BER [166,167] can be expressed as: 

 

BER[−] =  
1

2
 𝑒𝑟𝑓𝑐 (

𝑄

√2
)                                                 (4.5.2) 

                                                                       

The fiber propagation equation is solved by the split-step method, which applies separately 

optical linear and non-linear effects. There are two main methods which differ on the way how 

the optical linear effects are calculated: Time Domain Split Step (TDSS) [168] and Frequency 

Domain Split Step (FDSS).  

The simulations that we have performed in OptSim software environment are based on the 

TDSS technique. This method uses the convolution product in the discrete time [164], as ex-

pressed: 

𝐴𝐿[𝑛] = 𝐴[𝑛] ∗ ℎ[𝑛] =  ∑ 𝐴[𝑘]ℎ[𝑛 − 𝑘]∞
𝑘=−∞                  (4.5.3) 

                                               

where A is an optical field intensity, L is the operator related to linear effects [169], such as 

dispersion [168] and h is an impulse response of L. TDSS method has no constrains on the 

shape of a signal spectrum and it has no modelling limits. On the other hand, FDSS introduces 

unavoidable intrinsic errors due to the circular convolution, which leads to undesirable aliasing 

effects and therefore to the possibility of inaccurate simulation results. Unlike the FDSS 

method, TDSS method exhibits higher immunity against aliasing errors and exact differential 

group delays, at the cost of more complex implementation and higher computational require-

ments [164]. However, TDSS takes advantage of the parallel computing (software pipelining), 

which significantly improves the TDSS computation speed.  

3.4.7 Design and Optimization of High-Index-Contrast Y-Branch Splitters 

Design of silicon nitride based Y-branch optical splitters was performed in the collaboration 

with International Laser Centre (ILC) and Slovak Technical University in Bratislava. In these 
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designs the technological possibilities of the technical infrastructure of the clean rooms in ILC 

in Bratislava are taken into account, where the fabrication of the final optical splitter designs is 

planned to be realized. To this purpose two 1x8 Y-branch splitters were designed. 

3.4.7.1 1x8 Y-Branch Splitter with Channel Waveguide Structure 

 Figure 39-left presents the design of standard 1x8 Y-branch splitter. It consists of one input 

waveguide and one 1x2 Y-branch (Y1), connecting two 1x2 Y-branches (Y2). The output wave-

guides of these Y2-branches create the input waveguides for further four 1x2 Y3-branches. 

Eight output waveguides finalize this structure. The input/output waveguides have the length 

of 50 µm. Minimal distance between branches was again tested. Based on the results Y1-branch 

has a pitch between both branch waveguides, W1 = 16 µm.  

 

      

Figure 39: Structure of the standard 1x8 Y-branch splitter (left); and optimized 1x8 Y-branch splitter 

(right) with channel waveguide structure. 

  

 To keep the length of the splitter as short as possible, the length of the branches needs to be 

obtained the shortest possible, with very low losses. The layout of the Y1- branch (left) together 

with an output of the simulation (right) is shown in Figure 40.  

 

                                                                                 

Figure 40: Layout of the Y1-branch together with the simulated optical power (left); Scanning 

of the length of the Y1-branch with regards to optical power calculated in the waveguides (right). 
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As presented, the length of the Y1-branch was scanned in a range between 10 µm and 1000 

µm. As expected, when the branch is too short, the optical power is damped. This is caused by 

the scattering of the light at the steep curvature of the waveguides. Extension of the Y1-branch 

reduces the losses and saturates approximately at 200 µm when nearly no scattering loss appears 

in the waveguides. Therefore, the length of the Y1-branch was set to L1 = 200 µm. The pitch 

of each next Y-branch (Y2 and Y3) was reduced to the half (W2 = 8 µm and W3 = 4 µm) and 

the lengths of these branches were scanned again. The simulations showed that the minimum 

possible length of the Y2-branch reached half of the length of Y1-branch (L2 = 100 µm) and 

the length of Y3 reached the half of the Y2-branch length (L3 = 50 µm), as presented in Figure 

41. This confirms constant bending shape of all designed branches. After the length optimiza-

tion of the branches, the final 1x8 Y-branch splitter reached the length of L = 450 µm. 

 

   

Figure 41: The scanning of the lengths of the Y2-branch (left) and Y3-branch (right). 

The standard design of 1x8 Y-branch splitter was optimized as shown in Figure 39-right. 

Particularly, the straight waveguides were placed between Y-branches. The length of these 

waveguides was tested in various simulations. 

3.4.7.2  1x8 Y-Branch Splitter with Shallow Rib Waveguide Structure 

  Figure 42 presents the design of 1x8 Y-branch splitter with shallow rib waveguide structure. 

It consists of one input waveguide and one 1x2 Y-branch (Y1), connecting two 1x2 Y-branches 

(Y2). The output waveguides of these Y2-branches create the input waveguides for further four 

1x2 Y3-branches. Eight output waveguides finalize this structure. The input/output waveguides 

have length of 10 µm. 
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Figure 42: Layout of the silicon nitride based 1x8 Y-branch splitter with shallow rib waveguide 

structure. 

 

To be able to reach the smallest size of the splitter, in the next step the minimal distance 

between the output waveguides (port pitch, W3) was tested. To this purpose two parallel wave-

guides were designed and the distance between these waveguides was alternated between 2 µm 

(four times the width of the waveguide) and 5 µm. Simulations showed that the port pitch 3 µm 

is wide enough to prevent coupling effect between the waveguides. This value was chosen as a 

minimum port pitch W3. Figure 43-left shows the simulated results of the coupling effect when 

the port pitch is too narrow (W = 2 µm) and Figure 43-right the case when the coupling effect 

is suppressed (W = 3 µm). The port pitch of each next Y-branch was doubled, i.e. W2 = 6 µm 

and W1 = 12 µm.  

  

Figure 43: Simulated results of coupling effect when the port pitch W3 = 2 µm (left) and  

W3 = 3 µm (right). 

 

To keep the length of the splitter as short as possible, also the length of the branches needs 

to be obtained the shortest possible, with very low losses. To this purpose, the length of the Y3-

branch (L3) was scanned between 1 µm and 120 µm. The output of the simulation is shown in 

Figure 44-left.  
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Figure 44: Scanning of the length of the Y3 branch (left) and Y2 branch (right). 

 

As expected, when the branch is too short, the optical power is damped. This is caused by 

the scattering of the light at the steep curvature of the waveguides. Extension of the Y3-branch 

reduces the losses and saturates approximately at 40 µm when nearly no scattering loss appears 

in the waveguides. Therefore, the length of the Y3-branch was set to L3 = 40 µm. The lengths 

of the next branches were scanned again. The simulations showed that the minimum possible 

length of the Y2-branch reached double value of the length of the Y3-branch (L2 = 80 µm, see 

Figure 44-right) and the length of the Y1-branch reached the double value of the Y2-branch 

length (L1 = 160 µm), as presented in Figure 45.  

 

 
Figure 45: Scanning of the length of the Y1-branch. 
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4 Results 

This section summarizes the simulation results of all splitter designs described in Section 3. 

It is important to point out that all simulations of SoS based optical splitters were performed at 

operating wavelength, = 1.55 µm applying different photonics tools. OptiBPM tool from 

Optiwave was used for all these splitter designs. Additionally, Apollo Photonics tool was used 

to simulate 1x8 and 1x16 Y-branch and MMI splitter designs and Rsoft tool was used to simu-

late 1x32 Y-branch splitter design in 3D environment. Comparison of the simulated results of 

all three tools is also discussed. 

The design and simulation of silicon nitride based 1x8 Y-branch splitter was performed by 

BeamPROPTM tool from RSoft, applying BPM. 

4.1 Simulation of Low Splitting Ratio SoS Based Splitters 

This subsection describes 2D simulation and optimization of low splitting ratio splitters, ap-

plying OptiBPM and Apollo Photonics tools. Particularly: 

 1x8 Y-branch splitters  

 1x8 MMI splitters 

4.1.1 Simulation of Standard 1x8 Y-Branch and 1x8 MMI Splitters Using OptiBPM 

Tool 

Figure 46 presents the top view of the simulated results of 1x8 Y-branch (see Figure 27) and 

MMI splitters (from Figure 35), the field distribution at the end of Y-branch and MMI structures 

and the non-uniformity and insertion loss parameters using OptiBPM tool. As can be seen the 

Y-branch approach features much lower scattering than the MMI splitter. This is confirmed by 

the corresponding field distribution at the end of the structures. In both approaches, all eight 

outputs are well separated. From the field distributions the splitting parameters (defined in Sub-

section 3.3.2) were calculated. The background crosstalk of Y-branch splitter, BX = -46.81 dB 

and that of 1x8 MMI splitter is higher, BX = -33.53 dB. The uniformity of the split power over 

all the output channels, ILu = 1.41 dB and the insertion loss IL = -10.01 dB for Y-branch ap-

proach. For MMI splitter the non-uniformity reached value, ILu = 0.51 dB. Insertion loss is 

comparable with Y-branch splitter, IL = -9.91 dB.  
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Figure 46: Simulation results of 1x8 Y-branch and 1x8 MMI splitters applying OptiBPM tool: top 

view of the simulated 1x8 Y-branch (top-left) and MMI (top-right) splitter structures, field distribution 

at the end of 1x8 Y-branch (middle-left) and of 1x8 MMI (middle-right) splitters and non-uniformity 

and insertion loss of 1x8 Y-branch (bottom-left) and of 1x8 MMI (bottom-right) splitters. 

4.1.2 Simulation of “Standard” 1x8 Y-Branch and 1x8 MMI Splitters Using Apollo Tool 

Another simulations of the same design layouts were performed using Apollo Photonics tool. 

To ensure the best comparability the same solver, design and simulation parameters were cho-

sen in both software tools. Figure 47 presents the top view of simulated 1x8 Y-branch (left) and 

of MMI (right) structures. 

The background crosstalk of 1x8 MMI splitter simulated in Apollo Photonics tool is              

BX = -33.26 dB, the non-uniformity, ILu = 0.63 dB and the insertion loss, IL = -10.23 dB. The 

splitting parameters of 1x8 Y-branch splitter are as follows: the background crosstalk is                       

BX = -46.37 dB, the non-uniformity, ILu = 1.58 dB and the insertion loss, IL = -10.21 dB.  
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Figure 47: Top view the simulated 1x8 Y-branch splitter (left); multimode interference pattern of 1x8 

MMI splitter (right). 

4.1.3 Comparison of Optical Properties of “Standard” 1x8 Y-Branch and 1x8 MMI 

Splitters 

To compare the optical properties of 1x8 Y-branch and MMI structures, we analysed the 

splitting parameters achieved from both photonics tools separately. As presented in Table 7 the 

splitting parameters of the MMI splitters are much better compared to the splitting parameters 

of the Y-branch splitters in both software tools. As can be seen, while the non-uniformity from 

Y-branch and MMI splitters simulated in Apollo differs in  0.95 dB, the non-uniformity in 

OptiBPM differs only in 0.12 dB. Insertion loss from both splitters simulated in Apollo 

differs in  0.02 dB, while the insertion loss in OptiBPM in 0.1 dB. On the other hand, 

the background crosstalk of MMI splitter is considerably higher than background crosstalk of 

Y-branch splitter in both photonics tools. As can be seen, the difference measured in Apollo 

 13.11 dB and it is approximately the same in OptiBPM  13.28 dB. The length difference 

between 1x8 Y-branch splitter and MMI splitter is  21 977 µm. 

 

Table 7: Comparison of the optical properties of 1x8 Y-branch and 1x8 MMI splitting parameters 

achieved from Apollo Photonics and OptiBPM tool.  

Apollo OptiBPM 

Y MMI  Y MMI 

Non-uniformity, ILu 1.58 dB 0.63 dB 0.95 dB 1.41 dB 0.51 dB 0.12 dB 

Insertion loss, IL -10.21 dB -10.23 dB 0.02 dB -10.01 dB -9.91 dB 0.1 dB 

Background cross-

talk, BX 

-46.37 dB -33.26 dB 13.11 dB -46.81 dB -33.53 dB 13.28 dB 

Length of splitter, L 38 000 µm 16 023 µm 21 977 µm 38 000 µm 16 023 µm 21 977 µm 

 

Conclusion: As can be seen, Table 7 confirms well the advantages and disadvantages of 

both approaches. Particularly, the MMI splitters have advantages over the Y-branch splitters, 

like their lower non-uniformity and much smaller length. In spite of the fact and considering 

that the Y-branch splitter is wavelength and polarisation independent and therefore preferably 

used in the telecommunications, the design and optimization of this splitter is a main goal of 

this thesis. 



71 

4.1.4 Comparison of Both Used Photonics Tools 

The splitting parameters, achieved in both software tools are summarized in Table 8. As can 

be seen the non-uniformity from Apollo simulation differs only in  0.17 dB from Optiwave 

simulation for Y-branch splitter and in 0.12 dB for MMI splitter. Also the calculated values 

of the insertion loss and the background noise feature very good agreement between both soft-

ware tools, namely the background crosstalk difference is 0.44 dB for Y-branch splitter and 

0.27 dB for MMI splitter. In case of the insertion loss is the difference between Apollo and 

Optiwave simulation only 0.22 dB for Y-branch splitters while for the MMI splitter is the 

difference higher, namely approximately 1.91 dB. 

 

Table 8: Comparison of the splitting parameters of 1x8 Y-branch and MMI splitters achieved from 

Apollo Photonics and OptiBPM tool.  

1x8 Y-branch splitter 1x8 MMI splitter 

Apollo  

Photonics 

OptiBPM  Apollo  

Photonics 

OptiBPM  

Non-uniformity, ILu 1.58 dB 1.41 dB 0.17 dB 0.63 dB 0.51 dB 0.12 dB 

Insertion loss, IL -10.23 dB -10.01 dB 0.22 dB -10.21 dB -9.91 dB 0.30 dB 

Background 

Crosstalk, BX 

-46.37 dB -46.81 dB 0.44 dB -33.26 dB -33.53 dB 0.27 dB 

 

Conclusion: From the parameter calculations can be concluded, that both software tools 

provide very comparable simulated results. Since the Apollo Photonics tool features errors in 

the GDSII exported files, the design, simulation and optimization of all Y-branch and MMI 

splitters were performed mainly in OptiBPM tool.  

4.1.5  Waveguide Optimization of “Standard” 1x8 Y-Branch Splitter 

From the simulations presented in section 4.1.1 is evident that the non-uniformity and inser-

tion loss of 1x8 Y-branch splitter are not satisfying. Particularly the non-uniformity parameter 

ILu with over 1.41 dB is too high.  

Deep analysis of the achieved simulated results showed that the main reason for such a high 

non-uniformity is the presence of the first mode (besides the zero (fundamental) mode) propa-

gating in the (6x6) µm2 waveguide. Figure 48 illustrates the problem. In the fundamental mode, 

there is only one intensity maximum so the light beam is centred in the middle of the waveguide. 

The first mode features the maximum and also the minimum. Thereby the beam is damped and 

not guided in the center of the waveguide. When the beam propagates in the fundamental mode 

only, the beam is straight and centred in the middle of the waveguide and so the light is split 

equally at the branch. From this follows that the best splitting results can be achieved by choos-

ing a waveguide core size supporting the fundamental mode only. The fundamental mode (0. 

mode) has a mode width of 4.3438 µm. But if the waveguide core size is larger than 4.3438 µm 

(in our case (6x6) µm2) also the first mode is excited and depending on the waveguide core size 
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it can have weaker or stronger influence on the light propagation. Since the light is a superpo-

sition of the zero and the higher modes, it is damped and shifted. Thereby the light is split 

unequally at the branching points. This causes an asymmetric splitting of the optical signal 

[170]. 

 

 
Figure 48: Field amplitude profiles of the fundamental mode and the first mode with their distribu-

tions in the (6x6) µm2 waveguide. 

 

To show this influence we reduced the waveguide core size of both splitters in Fig. 46 from 

(6x6) µm2 to (5.5x5.5) µm2 while keeping the same size of the structures. The simulated results 

are shown in Figure 49.  

 

Y-branch splitter MMI splitter 

 
 

Figure 49: Detailed view of the splitting parameters of 1x8 Y-branch (left) and 1x8 MMI (right) split-

ters with the waveguide core sizes of (5.5x5.5) µm2. 

 

It can be seen that the splitting parameters of MMI splitter compared to the splitting param-

eters of Y-branch splitter feature again better splitting properties. While the non-uniformity of 

MMI splitter reached ILu = 0.25 dB, the non-uniformity of Y-branch splitter is still higher, ILu 

= 0.73 dB for the waveguide core size of (5.5x5.5) µm2.  
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In Table 9, the splitting parameters of the 1x8 Y-branch and 1x8 MMI splitters having dif-

ferent cross-sections are summarized. As can be seen, while the non-uniformity in the case of 

1x8 Y-branch splitter was improved by  0.68 dB, the non-uniformity of MMI splitter only 

by 0.25 dB. The insertion loss and background crosstalk of Y-branch splitter do not feature 

strong improvement since the layout of the splitter was kept the same (insertion loss reduction                 

 = 0.16 dB, background crosstalk reduction = 0.86 dB). The MMI splitter shows even 

weaker deterioration of these two parameters, particularly the insertion loss increased from -

9.91 dB to -10.08 dB (0.17 d) and background crosstalk from -33.53 dB to -32.08 dB 

( d

 

Table 9: Comparison of splitting parameters of 1x8 Y-branch and 1x8 MMI splitters having different 

waveguide cross-sections.  

Y
-b

ra
n

ch
 

 Non-uniformity, 

ILu 

Insertion loss, 

IL 

Background noise, 

BX 

Length of 

splitter, L 

(6x6) µm2 1.41 dB -10.01 dB -46.81 dB 38 000 µm 

(5.5x5.5) µm2 0.73 dB -9.85 dB -47.67 dB 38 000 µm 

 0.68 dB 0.16 dB 0.86 dB  

M
M

I 

(6x6) µm2 0.51 dB -9.91 dB -33.53 dB 16 023 µm 

(5.5x5.5) µm2 0.26 dB -10.08 dB -32.08 dB 16 023 µm 

 0.25 dB 0.17 dB 1.45 dB  

 

Conclusion: From the simulations is evident that keeping the same layout and decreasing 

the waveguide core size from (6x6) µm2 to (5.5x5.5) µm2 the non-uniformity particularly of the 

Y-branch splitter was reduced from 1.41 dB (for the waveguide core size of (6x6) µm2) to       

0.73 dB (for the waveguide core size of (5.5x5.5) µm2) i.e. nearly to the half of its original 

value. 

4.2 Simulation Results of High Splitting Ratio SoS Splitters 

In this section we describe 2D simulation and optimization of high splitting ratio SoS split-

ters, applying OptiBPM photonics tool and Apollo Photonics tool. Particularly: 

1. 1x16 Y-branch and MMI splitters  

2. 1x32 Y-branch (“standard” and “new shape”) 

3. 1x64 Y-branch splitter 

4.2.1 Simulation of Standard 1x16 Y-Branch Splitter 

Figure 50 presents the optical characteristics of the simulated 1x16 Y-branch splitter (sub-

section 3.4.2) using Optiwave tool. Figure 50-left shows the corresponding field distribution at 

the end of the structure. The background crosstalk of Y-branch splitter, BX = -49.04 dB. The 



74 

uniformity of the split power over all the output channels, ILu = 1.77 dB and the insertion loss, 

IL = -13.09 dB (Figure 50-right).  

  
Figure 50: Field distribution at the end of the 1x16 Y-branch splitter (left). Non-uniformity and inser-

tion loss of 1x16 Y-branch splitter with the waveguide core size of (6x6) µm2 (right). 

 

4.2.2 Simulation of Standard 1x16 MMI Splitter 

As already described in the subsection 3.4.5.1 four 1x16 MMI splitters with different widths, 

WMMI of the MMI section and lengths, LP of the output ports were designed and simulated to 

study their optical properties and to choose the best 1x16 MMI splitter design. Table 10 sum-

marizes all splitting parameters calculated from all simulated characteristics. 

  

Table 10: Comparison of splitting parameters of 1x16 MMI splitter for the different widths of mul-

timode section and different lengths of the output ports.  

Design W  (µm) LMMI (µm) LP (µm) Non-uni-

formity, ILu 

(dB) 

Insertion 

loss,            

IL (dB) 

Background 

crosstalk, 

BX (dB) 

Length of 

splitter,     

LMMI (µm) 

D1 200  2458 5 000 1.28  -12.81  -32.18  8 638  

D1 200   2458 7 500 1.04  -12.83  -36.85 11 138  

D1 200  2458 10 000 0.95 -12.80  -37.72  13 638  

D2 300   5368 5 000 0.51  -12.54  -36.8 11 548  

D2 300   5368 7 500 0.39  -12.56  -37.71  14 048 

D2 300   5368 10 000 0.26  -12.44  -41.35  16 548  

D3 400   9529 5 000 0.92  -12.93  -32.76  15 709  

D3 400   9529 7 500 0.61  -13.27  -33.21 18 209  

D3 400   9529 10 000 0.57  -12.89  -35.06 20 709  

D4 500   14932 5 000 1.72  -14.89  -30.17 21 112  

D4 500   14932 7 500 1.91  -14.44  -33.63 23 612  

D4 500   14932 10 000 0.83  -13.85  -37.69 26 612  
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Considering the Splitting Parameters  

For the non-uniformity ILu, insertion loss IL and background crosstalk BX as expected, the 

best results were obtained when applying the longest output ports, Lp = 10 000 µm in all de-

signs. Namely, in the design D1 (Lp=10000 µm) the background crosstalk, BX = -37.72 dB, non-

uniformity, ILu = 0.95 dB and insertion loss, IL = -12.80 dB. In the design D2 (Lp=10000 µm) 

the background crosstalk, BX = -41.35 dB, non-uniformity, ILu = 0.26 dB and insertion loss, IL 

= -12.44 dB. In the design D3 (Lp=10000 µm) the background crosstalk BX = -35.06 dB, the 

non-uniformity ILu = 0.57 dB and the insertion loss IL = -12.89 dB. In the case of design D4 

(Lp=10000 µm) the background crosstalk BX = -37.69 dB, the non-uniformity ILu = 0.83 dB 

and the insertion loss IL = -13.85 dB. Comparing all these four designs can be concluded that 

the best splitting characteristics were obtained for the design D2 (Lp=10000 µm) with the width 

of the MMI section, WMMI = 300 µm. 

 

Considering the Length of MMI Splitter  

The simulation results showed that the optimal width of the MMI coupler for which we were 

able to get the best performance of the MMI splitter, i.e. low non-uniformity, low insertion loss 

and low background noise, was obtained in design D2. Therefore, taking into account also 

the size of the splitter, we proposed the design D2 with the shortest Lp = 5000 µm as 

“standard” 1x16 MMI splitter design for the next simulations. Figure 51 presents the top 

view and the simulated characteristics of this structure, namely the background crosstalk, BX = 

-36.8 dB (Figure 51-left), the uniformity of the split power over all the output channels, ILu = 

0.51 dB and the insertion loss IL = -12.548 dB (Figure 51- right). 

 

  
Figure 51: Field distribution at the end of the “standard” 1x16 MMI splitter (left). Non-uniformity and 

insertion loss of MMI structure (right) with the waveguide core size of (6x6) µm2. 

 

Conclusion: From the simulation results is obvious that the width, WMMI of the multimode 

interference coupler together with the lengths of the output ports are the important design pa-

rameters.  
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4.2.3 Comparison of Optical Properties of 1x16 Y-Branch and 1x16 MMI Splitters 

The simulations referred in subsection 4.1 confirmed that MMI splitters have some ad-

vantages over the Y-branch splitters. The main advantage is their low non-uniformity and small 

size. The simulated results presented in the Table 11 confirm that for standard waveguide core 

size of (6x6) µm2 the non-uniformity, ILu = 0.51 dB is in case of MMI splitter much lower than 

the non-uniformity, ILu = 1.77 dB for Y-branch splitter, about 1.26 dB. The MMI splitter 

is approximately seven times shorter than the Y-branch splitter, namely 11 548 µm in contrast 

to 78 000 µm. Furthermore, the insertion loss, IL = -12.548 dB for MMI approach is slightly 

lower than insertion loss, IL = -13.09 dB for Y-branch splitter, in  0.54 dB. On the other 

hand, the background crosstalk of MMI splitter, BX = -36.8 dB is considerably higher than 

background crosstalk of Y-branch splitter, BX = -49.04 dB, in  12.24 dB. 

 

Table 11: Comparison of splitting parameters of standard 1x16 Y-branch and 1x16 MMI splitters. 

 Non-uniformity, 

ILu 

Insertion loss, 

IL 

Background crosstalk, 

BX 

Length of splitter, 

L 

Y-branch 1.77 dB -13.09 dB -49.04 dB 78 000 µm 

MMI 0.51 dB -12.548 dB -36.8 dB 11 548 µm 

 1.26 dB 0.54 dB 12.24 dB 66 452 µm 

4.2.4 Waveguide Optimization of 1x16 Y-Branch and 1x16 MMI Splitters 

The study of the achieved simulation results summarized in Table 11 showed again that in 

the standard (6x6) µm2 waveguide not only propagation of the single mode is supported but 

also the presence of the first mode is already so strong that it causes additional asymmetric 

splitting of the optical signal at the branching points in Y-branch splitters. Therefore, we re-

duced the waveguide core size from (6x6) µm2 to (5.5x5.5) µm2 in both splitters keeping the 

same size of the structures. The simulated results, namely the non-uniformity, ILu and insertion 

loss, IL of 1x16 Y-branch and 1x16 MMI splitters are shown in Figure 52. As can be seen in 

Figure 52-rigth, the splitting parameters of the MMI splitter are only slightly improved since 

the splitting appears in the large coupler.  

  

Figure 52: Non-uniformity and insertion loss of 1x16 Y-branch (left) and 1x16 MMI (right) splitters 

with the waveguide core size of (5.5x5.5) µm2. 
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On the other hand, Y-branch splitter, consisting of many waveguides, features strong improve-

ment of its optical properties (see Figure 52-left).  

Table 12 shows that for waveguide core size (5.5x5.5) µm2 the non-uniformity of Y-branch 

splitter is strongly reduced from ILu = 1.77 dB for (6x6) µm2 to ILu = 0.89 dB, that is less than 

one half of its original value. In this way, again decreasing the waveguide core it was possible 

to suppress presence of the first mode and to reduce strongly the non-uniformity parameter in 

Y-branch splitters. 

 

Table 12: Comparison of splitting parameters of “standard” 1x16 Y-branch and 1x16 MMI splitters.  

Y
-b

ra
n

ch
 

 Non-uniformity, 

ILu 

Insertion loss, 

IL 

Background 

crosstalk, BX 

Length of splitter, 

L 

(6x6) µm2 1.77 dB 13.09 dB -49.04 dB 78 000 µm 

(5.5x5.5) µm2 0.89 dB 13.09 dB -49.18 dB 78 000 µm 

 0.88 dB 0 dB 0.14 dB  

M
M

I 

(6x6) µm2 0.51 dB 12.548 dB -36.80 dB 11 548 µm 

(5.5x5.5) µm2 0.46 dB 12.432 dB -36.84 dB 11 548 µm 

 0.05 dB 0.116 dB 0.04 dB  

4.2.5 Simulation of “Standard” 1x 32 Y-Branch Splitters Using OptiBPM  

The design of “standard” 1x32 Y-branch splitter (from Figure 28-left) with waveguide core 

size of (6x6) µm2 was simulated in OptiBPM tool. Figure 53 shows the top view of the simu-

lated structure. As can be seen 32 output signals are well separated, the light is guided well in 

the waveguides but at the branching points there is a lot of scattered light. This scattered light 

causes losses in the Y-branch splitter and also high background noise. Figure 54-left presents 

the corresponding field distribution at the end of the splitter structure. The maximum back-

ground crosstalk, BX is better than -39.36 dB. The uniformity of the split power over all the 

output waveguides, ILu = 4.21 dB and the insertion loss (worst peak) IL = -18.54 dB as illus-

trated in Figure 54-right.  

 

 

Figure 53: Top view of the simulated “standard” 1x32 Y-branch splitter. 
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Figure 54: Simulation results of the ”standard” 1x32 Y-branch splitter structure: Field distribution at 

the end of simulated structure together with background crosstalk, BX (left); Detailed view of the field 

distribution showing the non-uniformity, ILu and the insertion loss, IL (right). 

 

Conclusion:  From the simulation is clear that increasing the number of output waveguides 

leads to a strong degradation of splitting parameters as well as to a huge increase in the length. 

 

4.2.6 Simulation of “Length-Optimized” 1x 32 Y-Branch Splitters Using OptiBPM  

As described in subsection 3.4.3.1 the length of 1x32 Y-branch splitter, described above, 

was optimized (in Figure 28-right). This design with waveguide core size of (6x6) µm2 was 

simulated by OptiBPM tool. Figure 55 shows the achieved simulation results. Figure 55-left 

presents the field distribution at the end of the splitter structure. As shown the maximum back-

ground noise, BX reached again about -40.0 dB. The non-uniformity, ILu slightly decreased 

from 4.21 dB to 4.12 dB and the insertion loss remained at the similar value, IL = -18.34 dB 

(see Figure 55-right).  

 

  
Figure 55: Simulation results of the “length-optimized” 1x32 Y-branch splitter structure: Field distri-

bution at the end of simulated structure together with calculated background crosstalk, BX (left); De-

tailed view of the field distribution showing the non-uniformity, ILu and the insertion loss, IL (right). 
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4.2.7 Simulation of “Further length-reduced” 1x 32 Y-Branch Splitters Using 

OptiBPM  

The “further length-reduced” 1x32 Y-branch splitter: Option 1, Option 2, Option 3 and Op-

tion 4 described in subsection 3.4.3.1 were simulated and the simulation results for Option 1 

and Option 2 are presented in Figure 56. Column left presents the field distribution at the end 

of the splitter structure and the column right presents the detailed view of the field distribution 

of both, Option 1 and Option 2 structures. As shown in case of Option 1, the maximum back-

ground noise, BX = -42.1 dB, the non-uniformity, ILu is 1.87 dB and the insertion loss remained 

at nearly the same value, IL = -17.15 dB (see Figure 56 top). As can be seen in case of Option 

2 by reducing the length of the 5th branch by 20% the maximum background noise, BX = -41.64 

dB, the non-uniformity, ILu features 1.6 dB and the insertion loss, IL = -17.06 dB (see Figure 

56 bottom). 

 

Option 1 

 

Option 1 

 
Option 2 

 

Option 2 

 
Figure 56: Simulation results of the “further length-reduced” 1x32 Y-branch splitter using Option 1 

(top) and Option 2 (bottom) designs: Field distribution at the end of simulated structure together with 

calculated background crosstalk, BX (left); Detailed view of the field distribution showing the non-uni-

formity, ILu and the insertion loss, IL (right). 

 

The simulation results of the modified splitters Option 3 and Option 4 are presented in the 

Figure 57. For the Option 3 the maximum background noise, BX = -42.48 dB, the non-uni-

formity, ILu = 2.8 dB and the insertion loss, IL is -17.51 dB (see Figure 57 top). From this we 

can conclude that this 50% reduction of the 5th branch was too strong (see Figure 29 and sub-

section 3.4.3.1). For the Option 4, the non-uniformity, ILu = 1.96 dB, the insertion loss, IL -

17.35 dB and the maximum background, BX = - 40.78 dB. 
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Option 3 

 

Option 3 

 
Option 4 

 

Option 4 

 
Figure 57: Simulation results of the “further length-reduced” 1x32 Y-branch splitter using Option 3 

(top) and Option 4 (bottom) designs: Field distribution at the end of simulated structure together with 

calculated background crosstalk, BX (left); Detailed view of the field distribution showing the non-uni-

formity, ILu and the insertion loss, IL (right). 

 

Table 13 shows a summary of all four further length reduction options of the “length-opti-

mized”1x32 Y-branch splitter.  

 

Table 13: Comparison of splitting parameters achieved from the simulations of Option 1, Option 2, 

Option 3 and Option 4 or 1x32 Y-branch splitter. 

 Option 1 

(6x6) µm2 

Option 2 

(6x6) µm2 

Option 3 

(6x6) µm2 

Option 4 

(6x6) µm2 

Non-uniformity, Ilu 

Insertion loss, IL 

Max. background noise, BX 

1.87 dB 

-17.15 dB 

-42.1 dB 

1.6 dB 

-17.06 dB 

-41.64 dB 

2.8 dB 

-17.51 dB 

-42.48 dB 

1.96 dB 

-17.35 dB 

-40.78 dB 

Chip size 92 000 µm 90 000 µm 78 500 µm 86 000 µm 

 

Conclusion: As can be seen from Table 13 the worst splitting parameters were obtained for 

the Option 3, particularly parameter ILu. The other 3 options show similar results. Particularly, 

the splitting parameters insertion loss and background noise do not vary very much from each 

other. 
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4.2.8 Waveguide Optimization of “Length–Optimized” 1x 32 Y-Branch Splitters Using 

OptiBPM  

The simulation results of “standard” and “length-optimized” 1x32 Y-branch splitters showed 

that the non-uniformity and insertion loss were not satisfying. Particularly the non-uniformity 

parameter ILu with over 4 dB is too high. The main reason for such a high non-uniformity is 

again the presence of the first mode (besides the zero mode) propagating in the (6x6) µm2 

waveguide. Based on this knowledge the same “length-optimized” design of 1x32 Y-branch 

splitter with waveguide core size of (5.5x5.5) µm2 was simulated. The results of this simulation 

are shown in Figure 56.  

 

  
Figure 58: Simulation results of the “length-optimized” 1x32 Y-branch splitter structure with the 

waveguide core size of (5.5x5.5) µm2 (left); with the waveguide core size of (5x5) µm2 (right), namely 

detailed view of the field distribution showing the non-uniformity, ILu and the insertion loss, IL 

(right). 

 

Compared to the simulation results illustrated in the Figure 55 the strong improvement of 

the splitting parameters was again reached: the non-uniformity, ILu = 1.76 dB and the insertion 

loss, IL = -16.58 dB. The maximum background crosstalk, BX = -40.25 dB remained constant. 

Therefore, another simulation of the “length-optimized” 1x32 Y-branch splitter with waveguide 

core size of (5x5) µm2 was performed (Figure 56-right). The simulation results feature further 

weak improvement of the splitting parameters compared to the case when the waveguide core 

size of (5.5x5.5) µm2 was used: the non-uniformity, ILu = 1.65 dB and the insertion loss, IL = 

-17.27 dB. The background crosstalk, BX = -40.72 dB did not change significantly. 

4.2.9 Comparison of the “Length–Optimized” 1x 32 Y-Branch Splitters with Different 

Waveguide Cross-Sections 

The presented simulations showed again that the waveguide core size has a high impact on 

the Y-branch splitting parameters (see Table 13).  

The “length-optimized” 1x32 Y-branch splitter having a (6x6) µm2 core size features a high 

non-uniformity, ILu of 4.12 dB and also high insertion loss, IL =  -18.34 dB. Decreasing the 

waveguide core size to (5.5x5.5) µm2 a strong improvement of ILu was achieved (ILu = 1.76 

dB). Additionally, insertion loss, IL was reduced by more than 2 dB (IL = -16.58 dB). The 

“length-optimized” Y-branch splitter with a waveguide core size of (5x5) µm2 reached the non-
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uniformity even of ILu = 1.65 dB. Similarly, the insertion loss, IL is improved by more than 1 

dB compared to the length optimized Y-branch splitter with (6x6) µm2 waveguide core size, 

while the background crosstalk, BX is rarely influenced.  

 

Table 14: Comparison of splitting parameters of the “length-optimized” 1x32 Y-branch splitters 

having different waveguide core size: (6x6) µm2, (5.5x5.5) µm2 and (5x5) µm2.  

“LENGTH-OPTIMIZED” 1X32 Y-BRANCH SPLITTER 

Waveguide core size (6x6) µm2 (5.5x5.5) µm2 Δ (5x5) µm2 Δ 

Non-uniformity, ILu 

Insertion loss, IL 

Background crosstalk, BX 

4.12 dB 

-18.34 dB 

-40.3 dB 

1.76 dB 

-16.58 dB 

-40.25 dB 

2.36 dB 

1.76 dB 

0.05 dB 

1.65 dB 

-17.27 dB 

-40.72 dB 

2.47 dB 

1.07 dB 

0.42 dB 

 

Conclusion: From this can be concluded that keeping the same Y-branch layout and de-

creasing the waveguide core size the splitting properties of the Y-branch splitter can be strongly 

improved. Mainly, the insertion loss was reduced by nearly 2 dB and the non-uniformity, ILu 

was reduced nearly to one third of its original value. 

4.2.10 Waveguide Optimization of the “Further Length–Reduced” 1x 32 Y-Branch 

Splitters Using OptiBPM Tool 

Finally, “further length-reduced” design (Option 4 from Figure 29) was simulated with a 

core size of (5.5x5.5) µm2 first and the results are shown in Figure 59. As can be seen the non-

uniformity, ILu was further reduced to less than one third of the non-uniformity of the standard 

Y-branch splitter (ILu = 3.68 dB), namely ILu = 1.12 dB. The insertion loss was also further 

reduced to IL = -16.17 dB and the maximum background crosstalk, BX = -40.5 dB remained 

constant. 

 

  

Figure 59: Simulation results of “further length-optimized” 1x32 Y-branch splitter with the wave-

guide core size of (5.5x5.5) µm2: Field distribution at the end of simulated structure together with 

background noise, BX (left); Detailed view of the field distribution showing the non-uniformity, Ilu 

and the insertion loss, IL (right). 
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4.2.11 Comparison of “Further Length–Reduced” 1x32 Y-Branch Splitters with Different 

Waveguide Cross-Sections 

Table 15 summarizes all important achieved simulated results. Compared to a “standard” Y-

branch splitter the “further length-optimized” splitter (Option 4) with (5.5x5.5) µm2 waveguide 

core size achieved much better values of the non-uniformity (ILu was reduced from 4.21 dB to 

1.12 dB), the insertion loss, IL was reduced from -18.54 dB to -16.17 dB while the background 

crosstalk, BX was rarely influenced.  

 

Table 15: Comparison of splitting parameters achieved from the simulations of “standard” and “fur-

ther length-optimized” 1x32 Y-branch splitters with waveguide core sizes of (6x6) µm2 and           

(5.5x5.5) µm2.  

1X32 Y-BRANCH SPLITTER 

Waveguide core size 

Standard 

(6x6) µm2 

(Figure 54) 

Further 

length-reduced 

(5.5x5.5) µm2 

Δ Further 

length-reduced 

(6x6) µm2 

Δ 

Non-uniformity, ILu 

Insertion loss, IL 

Background crosstalk, 

BX 

 

4.21 dB 

-18.54 dB 

-39.36 dB 

 

 

 

1.12 dB 

-16.7 dB 

-40.5 dB 

 

 

 

3.09 dB 

1.84 dB 

1.14 dB 

 

1.96 dB 

-17.35 dB 

-40.78 dB 

 

 

 

2.25 dB 

1.19 dB 

1.36 dB 

Chip size 158000 µm 86000 µm 72000µm 86000 µm 72000 µm 

 

Conclusion: The “further length-reduced” 1x32 Y-branch splitter with (5.5x5.5) µm2 wave-

guide core size reached the best splitting parameters. This final design will be called “further 

length-optimized design”.  

4.2.12 Simulation of 1x32 Y-Branch Splitters Using RSoft Tool 

1x32 Y-branch splitters both, the “standard” and “further length-optimized” were also de-

signed and optimized using RSoft photonic tool from Synopsys Inc. [171], [172]. This task was 

realized by Anton Kuzma from International Laser Centre in Bratislava, who I have cooperated 

with. The top view of the “standard” structure is presented in Figure 60.  

 
Figure 60: Top view of the “standard” 1x32 Y-branch splitter structure designed applying RSoft pho-

tonic tool. 
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The optical properties of the “standard” 1x32 Y-branch splitter, simulated with RSoft in 3D 

environment, are displayed in Figure 61-top. The non-uniformity, ILu = 2.15 dB and the inser-

tion loss, IL = -16.44 dB.  

 

 

 
Figure 61: Simulation results of the “standard” 1x32 Y-branch splitter structure (6x6) µm2 (top); 

“length optimized” 1x32 Y-branch splitter structure with the waveguide core size of (5.5x5.5) µm2 

(bottom).  
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Consequently, the “length-optimized” structure with the core size (5.5x5.5) µm2 was simu-

lated and the results are shown in Figure 61-bottom. As can be seen, the non-uniformity, ILu = 

0.26 dB and the insertion loss was IL = -15.33 dB. 

From this follows that optimizing the waveguide core size led again to strong improvement 

of the splitting parameters of the Y-branch structure, namely the insertion loss, IL from                   

-16.44 dB (“standard” structure) to -15.33 dB (“optimized” structure) and the non-uniformity, 

ILu from 2.15 dB (“standard” structure) to 0.26 dB (“optimized” structure). 

Table 16 summarizes the results achieved from all designed and simulated 1x32 Y-branch 

splitters with both software tools, namely in 2D with OptiBPM photonics tool and in 3D with 

RSoft photonics tool from Synopsys Inc. As can be seen, the insertion loss was suppressed by 

IL = 1.65 dB (OptiBPM tool), and by IL = 1.11 dB (RSoft tool), ILu = 3.09 dB (OptiBPM), 

and ILu = 1.89 dB (RSoft). 

 

Table 16: Comparison of splitting parameters achieved from the simulations of “standard” and 

“length optimized” 1x32 Y-branch splitters with waveguide core sizes of (6x6) µm2 and (5.5x5.5) µm2.  

1x32 Y-BRANCH SPLITTER 

 OptiBPM RSoft 

Waveguide 

core size 

“standard” 

(6x6 µm2) 

(Fig. 54) 

“Length- 

Optimized” 

(5.5x5.5 µm2) 

(Figure 59-

right) 

 

Δ 

“standard” 

(6x6 µm2) 

(Fig. 61-

top) 

“Length- 

Optimized” 

(5.5x5.5 µm2) 

(Figure 61-bot-

tom) 

 

Δ 

Non-uni-

formity, 

ILu 

4.21 dB 1.12 dB 3.09 dB 2.15 dB 0.26 dB 1.89 dB 

Insertion 

loss, IL 

-18.54 dB -16.7 dB 1.65 dB -16.44 dB -15.33 dB 1.11 dB 

Chip size 158000 µm 86000 µm 72000 µm 158000 µm 86000 µm 72000 µm 

 

Conclusion  

From the simulations is evident that the reduction of the waveguide core size from                     

(6 x 6) µm2 to (5.5 x 5.5) µm2 leads to significant improvement of optical properties of 1x32 

Y-branch splitters. Namely, we reached symmetric splitting ratio, ensuring good uniformity 

over all the output signals. Particularly, for insertion loss uniformity ILu, one third of original 

non-uniformity of “standard” splitter was reached (for OptiBPM) and one tenth of the original 

value (for RSoft). Additionally, our proposed optimization led to the length reduction of the 

“standard” splitter almost to the half of the original value (“length-optimized” splitter). It is also 

important to point out that the further reduction of the waveguide core size to (5 x 5) µm2 did 

not bring any significant improvement of the parameters compared to “length-optimized” split-

ter having core size (5.5 x 5.5) µm2. From the results can also be concluded that more satisfying 

simulation results were obtained in 3D environment with RSoft software tool.  



86 

4.3 Simulation Results of “New Shape” High Splitting Ratio SoS Splitters 

4.3.1 Simulation Results of “New Shape” 1x32 Y-Branch Splitter Using OptiBPM Tool 

1x32 Y-branch splitter with a new shape and having waveguide core size of (6x6) µm2 (from 

Figure 34-right) was simulated in OptiBPM. Figure 62 shows the top view of the simulated 

structure. As can be seen 32 output signals are well separated, the light is guided well in the 

waveguides and comparing the top view of the “new-shape” 1x32 Y-branch splitter with the 

“standard” 1x32 Y-branch splitter (from Figure 53) it can be seen that the scattered light at the 

branching points in a new design is significantly reduced.  

 

Figure 62: Detailed view of simulated “new shape” 1x32 Y-branch splitter. 

 

This is also confirmed by the calculated splitting parameters. The background crosstalk of 

the “new-shape” 1x32 Y-branch splitter, BX = -44.65 dB (see Figure 63-left), the non-uni-

formity, ILu = 2.3 dB and the insertion loss, IL = -17.15 dB (see Figure 63-right). 

 

  
Figure 63: Simulation results of the “new shape”1x32 Y-branch splitter structure with the core size of 

(6x6) µm2:  Field distribution at the end of simulated structure together with background crosstalk, BX 

(left); Detailed view of the field distribution showing the non-uniformity, ILu and the insertion loss, IL 

(right). 

New-Shape 
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4.3.2 Comparison of Optical Properties of “Standard” and “New Shape” 1x32 Y-

Branch Splitter with OptiBPM Tool 

Table 17 summaries the simulations results of booth, standard and new shape 1x32 Y-branch 

splitter.  

 

Table 17: Comparison of splitting parameters of “standard” and “new shape” of 1x32 Y-branch 

splitters.  

“Standard” design 

(6x6) µm2 

“New-shape” design 

(6x6) µm2 

Improvement 



Non-uniformity, ILu 4.21 dB 2.3 dB 1.91 dB 

Insertion loss, IL -18.54 dB -17.15 dB 1.39 dB 

Background crosstalk, BX -39.36 dB -44.65 dB 5.29 dB 

 

Conclusion 

The 2D simulations in OptiBPM show that the splitting parameters of the “new-shape” 1x32 

Y-branch splitter compared to the “standard” Y-branch splitter were significantly improved, i.e. 

particularly the background crosstalk, BX by more than one thenth, the non-uniformity, ILu to 

the half of the original value and the insertion loss IL was improved by more than 1 dB.  

4.3.3 Waveguide Optimization of “New Shape” 1x32 Y-Branch Splitter  

The “new-shape” 1x32 Y-branch splitter was simulated with waveguide structure (5.5x5.5) 

µm2 keeping the same size of the structures. This confirmed better simulation results, namely 

for the “new-shape” 1x32 Y-branch splitter with the core size of (5.5x5.5) µm2 is the maximum 

background crosstalk, BX = -47.05 dB (Figure 64-left), the non-uniformity, ILu = 1.8 dB, the 

insertion loss IL = -16.26 dB (Figure 64-rigth), having the same structure length 158000 µm.  

 

  

Figure 64: The maximum background noise, BX (left), the non-uniformity, ILu and the insertion loss, 

IL (right) of new shape 1x32 Y-branch splitter with the waveguide core size of (5.5x5.5) µm2. 
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4.3.4 Comparison of Optical Properties of “Standard” and “New Shape” Waveguide-

Optimized 1x32 Y-Branch Splitter Applying OptiBPM Tool 

Table 18 presents a comparison between the splitting parameters of the “standard” and “new-

shape” waveguide-optimized 1x32 Y-branch splitter designs. As can be seen the non-uni-

formity, ILu was reduced from 4.21 dB (“standard” 1x32 Y-branch splitter) to 1.8 dB (“new-

shape” waveguide-optimized structure); insertion loss, IL from -18.54 dB to -16.54 dB and 

background crosstalk, BX was improved from -39.36 dB to -47.05 dB. This design will be called 

“new-shape optimized” design. Thereby the splitting parameters were strongly improved, par-

ticularly the insertion loss, IL by 2.28 dB and the non-uniformity, ILu by  2.41 dB, i.e. 

the background noise, BX by 7.69 dB.  

 

Table 18: Comparison of splitting parameters of “standard” and “new-shape” waveguide optimized 

1x32 Y-branch splitters.  

“Standard” design 

(6x6) µm2 

“New-shape optimized” design 

(5.5x5.5) µm2 

Δ 

Non-uniformity, ILu 
4.21 dB 1.8 dB 2.41 dB  

Insertion loss, IL 
-18.54 dB -16.26 dB 2.28 dB 

Background crosstalk, BX 
-39.36 dB -47.05 dB 7.69 dB 

 

Conclusion 

Compared to the “standard” structure (reference structure) (see Table 15 or Figure 54), the 

optical parameters of the “new-shape” waveguide-optimized structure were strongly improved, 

namely the non-uniformity has been more than half reduced, as well as the theoretical insertion 

loss was reduced by 2 dB and the background crosstalk of the proposed structure was reduced 

by astonishing 8 dB.  

In practice, such splitters could significantly improve the reach of passive optical networks 

by several kilometres, since the overall attenuation in PON, as per ITU recommendation, is 

around 30 dB [5]. It could also open door for new attenuation classes, where requirements (not 

only) for the attenuation are much more demanding, even for the same fiber reach. 

4.4 Simulation Results of 1x64 Y-Branch Splitters 

4.4.1 Simulation and Waveguide Optimization of “Standard” 1x 64 Y-Branch Splitters 

Using OptiBPM Tool 

Design of the “standard” 1x64 Y-branch splitter having the length of 318 000 µm (from 

Figure 30-left) was simulated 2D in OptiBPM tool. Figure 65 shows the top view of simulated 

1x64 Y-branch splitter for a waveguide core size of (6x6) µm2. As can be seen again the 64 

output signals are well separated, the light is guided well in the waveguides but at the branching 

points is a lot of scattered light.  
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Figure 65: Detailed view of simulated standard 1x64 Y-branch splitter. 

 

The background crosstalk of standard 1x64 Y-branch splitter, BX is better than -42 dB. The 

uniformity of the split power over all the output waveguides, ILu = 2.67 dB and the insertion 

loss (worst peak) IL = -19.89 dB as illustrated in Figure 66-top. The “standard” 1x64 Y-branch 

splitter was also optimized with regard to the waveguide core size. To this purpose the design 

of “standard” 1x64 Y-branch splitter with waveguide core size of (5.5x5.5) µm2 was simulated. 

The achieved simulated results are shown in Figure 66-bottom. Decreasing the waveguide core 

size the non-uniformity, ILu achieved 2.36 dB, the insertion loss, IL = -22.98 dB and the back-

ground crosstalk, BX = -42.96 dB. 

  

  
Figure 66: The background crosstalk, BX (left), the non-uniformity, ILu and the insertion loss, IL 

(right) of standard 1x32 Y-branch splitter with the waveguide core size of (6x6) µm2 (top), (5.5x5.5) 

µm2 (bottom). 

6 x 6 µ𝒎𝟐 

5.5 x 5.5 µ𝒎𝟐 5.5 x 5.5 µ𝒎𝟐 

6 x 6 µ𝒎𝟐 
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4.4.2 Simulation of “Length-Optimized” 1x 64 Y-Branch Splitters Using OptiBPM 

Tool 

The “length-optimized” 1x64 Y-branch splitter with three design variants (Variant 1, Variant 

2 and Variant 3, see sub-section 3.4.3.2, Figure 30) were simulated and the top view of two 

simulated splitter structures are shown in the Figure 67. 

  
Figure 67: Detailed view of simulated “length-optimized” 1x64 Y-branch splitter: Variant 1 (left) and 

Variant 2 (right). 

 

Variant 1: The simulation results of “length-optimized” 1x64 Y-branch splitter having the 

length L= 246 000 µm and a waveguide core size of (6x6) µm2 are shown in Figure 68. The 

background crosstalk, BX reached -41.19 dB, the non-uniformity, ILu is 3.98 dB and the inser-

tion loss, IL = -22.29 dB (see Figure 68-top). For the same length optimization of the Y-branch 

splitter structure but with the waveguide core size (5.5x5.5) µm2 is the background crosstalk, 

BX = -41.12 dB, the non-uniformity, ILu = 2.98 dB and the insertion loss, IL = -21.7 dB (see 

Figure 68 bottom).  

  

  
Figure 68: The achieved simulated results of “length optimized” 1x64 Y-branch splitter with a wave-

guide core size of (6x6) µm2 and (5.5x5.5) µm2 Variant 1. 

6 x 6 µ𝒎𝟐 

6 x 6 µ𝒎𝟐 

5.5 x 5.5 µ𝒎𝟐 
5.5 x 5.5 µ𝒎𝟐 
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Variant 2: The simulated results of the “length-optimized” 1x64 Y-branch structure using 

Variant 2 (length L = 154 000 µm) for a waveguide core size of (6x6) µm2 and (5.5x5.5) µm2 

are illustrated in Figure 69.  

  

  
Figure 69: The achieved simulated results of “length-optimized” 1x64 Y-branch splitter with a wave-

guide core size of (6x6) µm2 and (5.5x5.5) µm2 Variant 2. 

 

As shown for a waveguide core size of (6x6) µm2 the maximum background noise,                  

BX = -41.29 dB, the non-uniformity, ILu = 4.22 dB and the insertion loss, IL = -21.58 dB (see 

Figure 67-top). For a waveguide core size of (5.5x5.5) µm2 the background crosstalk, BX fea-

tures -42.39 dB, the non-uniformity, ILu reached 2.39 dB and the insertion loss, IL = -20.68 dB 

(see Figure 67-bottom).  

 

Variant 3: The top view of the simulated ”length-optimized” 1x64 Y-branch structure using 

Variant 3 is illustrated in Fig. 70 and the Fig. 71 presents the simulation results. The achieved 

simulation results with a waveguide core size of (6x6) µm2 (see Figure 71-top) are: the back-

ground crosstalk, BX = -40.82 dB, the insertion loss, IL = -21.27 dB and the non-uniformity, 

ILu = 4.21 dB. The non-uniformity, ILu = 1.98 dB, the insertion loss, IL = -19.93 dB and the 

background crosstalk, BX = -41.85 dB are reached with waveguide core size of (5.5x5.5) µm2 

(see Figure 71-bottom).  

6 x 6 µ𝒎𝟐 
6 x 6 µ𝒎𝟐 

5.5 x 5.5 µ𝒎𝟐 5.5 x 5.5 µ𝒎𝟐 



92 

 

Figure 70: Detailed view of simulated “length optimized” 1x64 Y-branch splitter: Variant 3. 

 

 
 

   
Figure 71: The achieved simulated results of “length-optimized” 1x64 Y-branch splitter with a wave-

guide core size of (6x6) µm2 and (5.5x5.5) µm2 Variant 3. 

4.4.3 Comparison of Optical Properties of the “Length-Optimized” 1x 64 Y-Branch 

Splitters 

Table 18 shows an overview of the splitting parameters achieved from all three optimization 

variants of 1x64 Y-branch splitter. As can be seen the splitting parameters insertion loss, IL and 

background noise, BX do not vary very much from each other. The best simulation results were 

achieved with a waveguide core size of (5.5x5.5) µm2, namely the background crosstalk, BX = 

5.5 x 5.5 µ𝒎𝟐 

5.5 x 5.5 µ𝒎𝟐 

6 x 6 µ𝒎𝟐 
6 x 6 µ𝒎𝟐 
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-41.85 dB, the insertion loss, IL = -19.93 dB and the non-uniformity, ILu = 1.98 dB. For the 

convenience, we will call this design “low-loss length-optimized” design.  

 

Table 19: Comparison of splitting parameters achieved from the simulations of “Variant 1”, Variant 

2”, Variant 3” for 1x64 Y-branch splitter having waveguide core sizes of (6x6) µm2, (5.5x5.5) µm2. 

Variant/ 

core size 

Non-uniformity, 

ILu 

Insertion loss, 

IL 

Background crosstalk, 

BX 

Chip size 

Variant 1 

(6x6) µm2 

(5.5x5.5) µm2 

 

3.98 dB 

2.98 dB 

 

-22.29 dB 

-21.70 dB 

 

-41.19 dB 

-41.12 dB 

 

246000 µm 

Variant 2 

(6x6) µm2 

(5.5x5.5) µm2 

 

4.22 dB 

2.39 dB 

 

-21.58 dB 

-20.68 dB 

 

-41.29 dB 

-42.39 dB 

 

154000 µm 

Variant 3 

(6x6) µm2 

(5.5x5.5) µm2 

 

4.21 dB 

1.98 dB 

 

-21.27 dB 

-19.93 dB 

 

-40.82 dB 

-41.85 dB 

 

120000 µm 

 

4.4.4 Comparison of Optical Properties of “Standard” and “Low-Loss Length-

Optimized” 1x 64 Y-Branch Splitters 

Table 19 shows an overview of the important splitting parameters achieved from the simu-

lations of “standard” and “low-loss length-optimized” 1x64 Y-branch splitters with waveguide 

core size of (5.5x5.5) µm2 and (6x6) µm2 and the reached length of the splitter structure. Com-

pared to a “standard” 1x64 Y-branch splitter with the waveguide core size (6x6) µm2 the “low-

loss length-optimized” splitter with (5.5x5.5) µm2 waveguide core size reached better values of 

the non-uniformity (ILu was reduced from 2.67 dB to 1.98 dB), the insertion loss, IL and the 

background crosstalk, BX do not vary much.  

Table 20: Comparison of splitting parameters of “standard” and “low-loss length-optimized”            

1x64 Y-branch splitter having waveguide core sizes of (6x6) µm2 and (5.5x5.5) µm2. 

1X64 Y-BRANCH SPLITTER 

Waveguide core size 
Standard 

(6x6) µm2 

Low-loss length-optimized 

(5.5x5.5) µm2 
Δ 

Non-uniformity, ILu 

Insertion loss, IL 

Background crosstalk, BX 

2.67dB 

-19.89 dB 

-42.24 dB 

1.98 dB 

-19.93 dB 

-41.85 dB 

0.69 dB 

0.04 dB 

0.39 dB 

Chip length 318 000 µm 120 000 µm 198 000 µm 

 

Conclusion: Even though the length of “standard” 1x64 Y-branch splitter was reduced to 

nearly one third, applying the smaller waveguide core size, the “low-loss length-optimized” 
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1x64 Y-branch splitter features more satisfying optical properties. In this way, “standard” de-

sign of 1x64 Y-branch splitter was optimized for its properties and length (“low-loss length-

optimized”). Particularly, the chip length was decreased by 198 000 µm and non-uniformity by 

0.7 dB.   

4.5 Simulation Results of Low-Loss Length-Optimized Y-Branch Splitter 

Implementation in PON/XG-PON 

The achieved splitting parameters of optimized splitter structures were incorporated in the 

simulations of particular passive optical network scenarios. For this purpose “OptSim” envi-

ronment using Time Domain Split Step method was employed. The main specifications of the 

“standard” (6×6) μm2 and “low-loss length-optimized” (5.5 x 5.5) µm2 1x64 Y-branch splitters, 

such as non-uniformity ILu, insertion loss IL, background crosstalk BX and chip size were com-

pared in Table 19 (column left and middle) (see section 4.4.4). Because the most significant 

changes in splitter design are related to the better value of parameter "non-uniformity" ILu, the 

individual values of the insertion losses per each output port have been calculated, and the re-

sults are illustrated in Figure 72. Here the scale of y axis has been adjusted to better distinguish 

between particular deviations from the mean attenuation value and to compare both optical 

splitter designs. Figure 72 clearly proves that the non-uniformity has been significantly im-

proved when we used the low-loss length-optimized 1x64 optical splitter with (5.5×5.5) μm2 

waveguide core size. This is very beneficial especially for PONs with triple-play services as the 

provider can offer similar signal quality and therefore it can maintain more efficiently the same 

Service Level Agreement (SLA) for each of the customers. 

 

  
Figure 72: Attenuation and deviation from the mean value for each of the output ports for both: con-

ventional (blue circle-left) and low-loss length-optimized (red triangle-right) 1x64 Y-branch splitters. 

 

Figure 73 and 74 show the results on data/voice components when deploying both splitters 

in GPON and XG-PON scenarios. As the changes didn't concern the video signal, the video 

service delivery remained the same under acceptable thresholds in both cases, hence it is not 

taken into account for comparison.  The minimum and maximum reached values of Q-factor 

and BER are displayed with the blue and red dashed lines. GPON traffic runs at 2.5 Gbps 
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data/voice stream and the splitting non-uniformity enhancement was just slightly improved, as 

all the BER values were too low (respectively Q-factor too high) at the receivers. 

As a result, small changes in attenuation of splitter's output ports were not noticeably influ-

encing the overall service quality to end users. The minimum and maximum achieved BER 

values were differing by a factor of 106 when the standard splitter was used, and by a factor of 

105 in case of the optimized splitter. For the higher speed rates as those in XG-PON and above 

10 Gbps, the optical signal quality significantly decreases if the other network parameters are 

not properly tuned.  

 

 
 

Figure 73: BER (left) and Q-factor (right) values for GPON with triple-play services (blue circles-

standard splitter; red triangles-optimized splitter).  

 

  
Figure 74: BER (left) and Q-factor (right) values for XG-GPON with triple-play services (blue cir-

cles-standard splitter; red triangles-optimized splitter).  

 

From Figure 74 it can be seen that the minimum and maximum obtained BER values in XG-

PON scenario differ by a factor of 1017 in case of the standard splitter deployment and by only 

104 when the optimized optical splitter is deployed in the network. Therefore, the power split 

over all output ports becomes a more crucial parameter to maintain similar customer SLAs. 

 

Conclusion: With the proposed “low-loss length-optimized” 1x64 Y-branch optical splitter 

with a (5.5 x 5.5) µm2 waveguide core size, which suppressed the presence of the first mode 

and in this way it is reduced the non-uniformity of the power split compared to standard (6 x 6) 
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µm2 waveguide core size splitter. In this way it is possible to optimize the signal distribution in 

access network using WDM technique. For comparison purposes, we selected GPON and XG—

PON with triple-play services. I showed that the length-optimized splitter with (5.5 x 5.5) µm2 

waveguide core achieved better rates like 10 Gbit/s (XG_PON), and they could eventually pro-

vide with the improvement of the overall system performance, whereas maintaining the same 

implementation and operational costs. 

4.6 Simulation Results of Silicon Nitride Based 1x8 Y-Branch Splitter  

The simulations of silicon nitride based 1x8 Y-branch splitter were performed by Beam-

PROPTM tool from RSoft, applying BPM. The splitter was simulated at λ = 850 nm for both 

polarizations. Figure 73 depicts the top view of the simulation of the optical beam propagation 

in the designed structure. Figure 74-left presents the optical power simulated in each output 

waveguide for TE polarization and Figure 75-left for TM polarization.  

 
Figure 75: The simulation of the optical beam propagation in the silicon nitride based 1x8 Y-branch 

splitter. 

 

  
Figure 76: The optical power in each output waveguide simulated for TE (left) and TM (right) polari-

zation. 

 

Table 20 summarizes the optical power from each output waveguide taken from Figure 74  

and calculated insertion losses (IL) for both polarizations, namely IL = 9.143 dB (the worst case 
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considering both polarizations). Finally, the insertion loss uniformity, ILu is calculated. Inser-

tion loss uniformity reached ILu = 0.19 dB. Simulations also show that the TE polarization 

features lower losses and more uniform splitting compared to the TM polarization. 

 

Table 21: Output power from Figure 74 together with calculated insertion loss, IL and non-uni-

formity, ILu for both polarizations. 

Output waveguide Output power [a.u.] IL [dB] Output power [a.u.] IL [dB] 

1 0.124 9.059 0.121 9.143 

2 0.126 8.965 0.127 8.952 

3 0.128 8.906 0.126 8.965 

4 0.125 9.010 0.121 9.141 

5 0.125 9.010 0.121 9.141 

6 0.128 8.906 0.126 8.965 

7 0.126 8.965 0.127 8.952 

8 0.124 9.059 0.121 9.143 

Min IL  8.906  8.952 

Max IL  9.059  9.143 

Non-uniformity, ILu  0.153  0.190 
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5 Conclusions 
 

The main goal of this thesis was the modelling and optimization of photonic structures with 

focus on the design and simulation of high splitting ratio Y-branch splitters used in telecommu-

nication for optical transmission systems. To reach this, the design, simulation and optimization 

of SoS based high splitting ratio 1xN Y-branch passive optical splitters (N≥16) was performed.  

In the first step, the SoS based waveguide structure was designed and consequently used to 

design a “standard” low splitting ratio 1x4 and 1x8 Y-branch and MMI splitters. All these split-

ters were simulated by commercially available software tools as OptiBPM and Apollo Photon-

ics.  

Based on the simulation results, the optical properties of designed “standard” 1x8 splitters 

were analysed. As expected, the Y-branch splitters feature much higher non-uniformity, higher 

insertion loss and a large size compared to MMI splitters.  

Deep analysis of the achieved results shown that the optical properties of “standard” Y-

branch optical splitters depend strongly on the used waveguide structure and that the main rea-

son for such a high non-uniformity is the presence of the first mode (besides the zero mode) 

propagating in the standard (6x6) µm2 waveguide. To suppress this influence the waveguide 

core size was reduced to (5.5x5.5) µm2 and to (5x5) µm2. From the simulations is evident that 

keeping the same layout and decreasing the waveguide core size from (6x6) µm2 to (5.5x5.5) 

µm2, the non-uniformity of 1x8 Y-branch splitter was reduced from 1.41 dB (for the waveguide 

core size of (6x6) µm2) to 0.73 dB (for the waveguide core size of (5.5x5.5) µm2), i.e. nearly to 

the half of it original value. The optical properties of 1x8 MMI splitter were also slightly im-

proved (objective 1). 

The knowledge gained from the design and simulation of SoS based low splitting ratio 1x8 

optical splitters provided the required theoretical background to realize the “standard” high 

splitting ratio Y-branch splitter designs, simulations and optimizations. As a first, 1x16 Y-

branch and MMI splitters were designed, simulated and optimized. The results again confirm 

the positive influence of the waveguide core size (5.5x5.5) µm2 on the optical properties of 

particularly Y-branch splitters, i.e. the non-uniformity was strongly reduced from ILu = 1.77 

dB for (6x6) µm2 to ILu = 0.89 dB, that is less than one half of its original value (objective 1).  

To design these optical components a standard commercially available optical software 

tools, OptiBPM (2D) and RSoft (3D) were used. From the simulations of standard high splitting 

ratio 1x32 Y-branch splitters is clear that increasing the number of output waveguides leads to 

a strong degradation of splitting parameters as well as to a huge increase in the length of the 

structure. Therefore, these splitters were optimized according to waveguide structure and the 

size. With this optimization, I was able to reach symmetric splitting ratio, ensuring good uni-

formity over all the output signals. As example, optimizing the waveguide core size led again 

to strong improvement of the splitting parameters of the 1x32 Y-branch structure, namely the 

insertion loss, IL from -16.44 dB (“standard” structure) to -15.33 dB (“optimized” structure) 

and the non-uniformity, ILu from 2.15 dB (“standard” structure) to 0.26 dB (“optimized” struc-
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ture), which is nearly one tenth of the original value. Additionally, the proposed length optimi-

zation led to the length reduction of the “standard” splitter (150000 µm) almost to the half of 

the original value (“further length-optimized” splitter, 86000 µm). It is also important to point 

out that the further reduction of the waveguide core size to (5 x 5) µm2 did not bring any sig-

nificant improvement of the parameters compared to “length-optimized” splitter having core 

size (5.5 x 5.5) µm2. From the results can also be concluded that better simulation results were 

obtained in 3D environment with RSoft software tool (objective 2). 

Based on the know-how gained from the design and simulation of “standard” 1x32 Y-branch 

splitter together with its optimization, the “low-loss high-uniformity” 1x64 Y-branch splitter 

was designed. The length of this 1x64 Y-branch splitter was reduced from 320000 µm to 

120000 µm, i.e. to nearly one third of its original value. In spite of that, this low-loss length-

optimized” splitter with (5.5x5.5) µm2 waveguide core size reached better values of the non-

uniformity (ILu was reduced from 2.67 dB to 1.98 dB) compared to a “standard” 1x64 Y-branch 

splitter with the waveguide core size (6x6) µm2 (objective 2).  

 The design of “low-loss length-optimized” 1x64 Y-branch splitter together with “standard” 

1x64 Y-branch splitter were used in access network as for example GPON and XG-PON by 

ITU-T with triple-play services and the achieved splitting parameters were incorporated in the 

simulations of particular passive optical network scenarios. The simulations results with “Op-

tiSim” environment using Time Domain Split Step Method in case of “low-loss length-opti-

mized” splitter achieved better results in terms of BER, Q-factor, especially for high speed rates 

like 10 Gbps for XG-PON compared to “standard” 1x64 splitter. In this case, they could even-

tually provide with the improvement of overall system performance, whereas maintaining the 

same implementation and operational costs (objective 3). 

For the further improvement of optical properties of high splitting ratio Y-branch splitters 

also the shape of used waveguides was optimized. To this purpose, a new shape of the Y-branch 

splitter was designed to suppress the scattering of the light in the waveguide structure. This has 

led to the great improvement of the optical properties, particularly the non-uniformity was ad-

ditionally improved by 2 dB and the background crosstalk was also additionally reduced by 

astonishing more than 5 dB. 

 The waveguide core of the “new shape” Y-branch splitter was optimized and in this way 

the non-uniformity, ILu and insertion loss, IL were improved by 2.41 dB and 2.28 dB and back-

ground crosstalk, BX was improved by astonishing 8 dB (objective 4, objective 5 and objective 

6). To our best knowledge, such as low background crosstalk was not yet presented.  

The high index contrast silicon nitride based 1x8 Y-branch splitter with shallow rib wave-

guide structure was designed, simulated and optimized using RSoft, for both polarizations. Here 

the calculated insertion loss uniformity showed that the TE polarization features lower losses 

and more uniform splitting compared to the TM polarization (objective 7). 
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Appendix A 

A.1  Refractive, Effective and Refractive Contrast (Difference) Index of a Material 

For a material, the refractive index is the ratio of speed of the light in vacuum and the speed 

of the light in a given media for given frequency [174]. 

 

Refractive index     𝑛(𝜔, 𝜇𝑟 , ɛ𝑟 ) =  
𝑐

𝑣
=

√ɛ(𝜔)𝜇(𝜔)

√ɛ0𝜇0
 = √ɛ𝑟(𝜔)𝜇𝑟(𝜔)                   (A.1)  

 

with relative permeability, μr and relative permittivity, ɛr . It should be pointed out that all of 

these indices are statements of a ratio of the velocity, wavelength, or wavelength number of the 

light in vacuum to that of light in the material, namely 𝑐 =   𝜆0𝑣 and 𝑣 = 𝜆𝑣    

 

   𝑛(𝜔, 𝜇𝑟 , ɛ𝑟 ) = 𝑛 =  
𝜆0𝑣

𝜆𝑣
= 

2𝜋

𝑘0
2𝜋

𝑘

= 
𝑘

𝑘0
                        (A.2)    

                                                                                                                              

The refractive index can be calculated in an analytical form by Sellmaier dispersion formula 

[175] or by another approximating formula for example by Cauchy formula [176].  

 

          𝑛(𝜆) =  √1 + ∑
𝐴𝑗𝜆

2

𝜆2−𝐵𝑗
                                                         (A.3)   

 

where Aj [-] and Bj [µm2] are Sellmeier coefficients for wavelength and are obtained by a least-

square fitting procedure, applied to the refractive indices measured in a wide wavelength range. 

The effective index is defined as a ratio of the velocity in vacuum to the velocity of a mode 

for a given polarization in the direction of propagation in a guiding structure, for example along 

the waveguide in the z direction. The effective index is defined as 

 

                           𝑛𝑒𝑓𝑓𝑝𝑚
= 

𝑐

𝑣𝑧𝑝𝑚

= 
𝜆0𝑣

𝜆𝑧𝑝𝑚𝑣
= 

𝜆0

𝜆𝑧𝑝𝑚

= 

2𝜋

𝑘0
2𝜋

𝑘𝑧𝑝𝑚

= 
𝑘𝑧𝑝𝑚

𝑘0
=  

𝛽𝑝𝑚

𝑘0
             (A.4)  

                                                             

 with  𝑘𝑧𝑝𝑚
≡ 𝛽𝑝𝑚 , p is the polarization (TE or TM), m is the mth mode of the polarization, k0  

is the waveguide number in free space for a given frequency of the light, λ0  is the wavelength 

in free space and v is the frequency in all media. A key point to note about the frequency is that 

it is constant in all media, but the wavelength changes depending on the media. The parameter 

βpm is termed the propagation constant. This is the component of the wavenumber in guiding 

structure which is in the direction of propagation of the light, for a given mode and polarization.  
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For TE mode,     

                                                                            𝑛𝑒𝑓𝑓
2 =

∫ 𝑛(𝑥)2𝐸𝑦(𝑥)𝑑𝑥

∫ 𝐸𝑦(𝑥)𝑑𝑥
                                         (A.5)                                                                                                                  

For TM mode,     

   

                                                                            𝑛𝑒𝑓𝑓
2 =

∫ 𝐻𝑦(𝑥)𝑑𝑥

∫
𝐻𝑦(𝑥)

𝑛(𝑥)2
𝑑𝑥

                                                 (A.6)   

 

where Ey and Hy  are the mode profiles in the background for TE respectively, TM and n(x) is 

the index profile for the etched low index area of the wedge. The effective index is defined as 

the propagation constant divided by the free space wavenumber, therefore modes will not exist 

when there is total internal reflection, and then the effective index is always between the highest 

refractive index value of the other materials and the guiding/core/film material. 

 

                 𝑛max (𝑛𝑠,𝑛𝑐) < 𝑛𝑒𝑓𝑓𝑝𝑚
< 𝑛𝑓                                   (A.7)    

                                           

where nf  is the refractive index of the guiding material, ns is the refractive index of the substrate 

and nc is the refractive index of the core.                          

A condition for extremely small devices [177] is the ultrahigh refractive-index (difference) 

contrast between Si and SiO2, which are expressed as  

 

                              𝛥 =  
 𝑛𝑐𝑜𝑟𝑒− 𝑛𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔      

𝑛𝑐𝑜𝑟𝑒
𝑥 100%                                       (A.8)  

  

B.1  Wave equation 

The modal analysis of optical waveguide [113] is the procedure to find the propagation char-

acteristics and the field profiles of all the supported modes of a waveguide. The propagation 

constants are solutions of the Maxwell`s equations, which describe the fundamental theory be-

hind most of the phenomenon in photonic components: 

 

𝛻⃗  × 𝑬 ⃗⃗  ⃗ 
𝜕𝘽⃗⃗ 

𝜕𝘁
=  𝟶                                                                               (B.1) 

 

𝛻⃗   × 𝑯⃗⃗⃗ − 
𝜕𝘿⃗⃗ 

𝜕𝘁
= 𝑱                                                                (B.2)     

                                                                                                            

𝛻⃗  ∙ 𝘿⃗⃗  =  𝝔                                                                         (B.3)                                                                                                          
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𝛻⃗  ∙ 𝘽⃗⃗  =  𝟎                                                                         (B.4)   

                                                                                                                      

where E is the electric field, H is the magnetic field, D is the electric flux density, B is the 

magnetic flux density, J is the current density and 𝛠  is the density of volume charge. For a 

linear and isotropic lossless medium-but not necessarily homogeneous- these electromagnetic 

fields can be written as: 

 

𝘿⃗⃗  = ɛ 𝑬 ⃗⃗  ⃗                                                                             (B.5)  

                                                                                                                                        

𝑩⃗⃗  = 𝜇 𝑯 ⃗⃗⃗⃗                                                                             (B.6)   

                                                                                                                                      

where the permittivity ɛ and the permeability μ are defined as: 

 

ɛ = ɛ0 ɛ𝑟                                                                            (B.7)   

                                                                                                                          

𝜇 = 𝜇0 𝜇𝑟                                                                             (B.8) 

                                                                                                                    

Here, ɛo = (μoco
2)-1 and μ0 = 4π∙10-7Vs/(Am) are the permittivity and permeability of a vacuum, 

and ɛr and μr are the permittivity and permeability of a material.  

Equations (3.1.9) and (3.1.10) are called Helmholtz wave equations [178] for homogenous 

media and can be obtained by eliminating the magnetic flux density in and the electric flux 

density components for Maxwell`s Eqs. (3.1.1) and (3.1.2): 

 

𝛻2𝐄 + 𝑘2𝐄 = 0                                                                 (B.9)  

                                                                                                             

𝛻2𝐇 + 𝑘2𝐇 = 0                                                                (B.10)  

                                                                                                                   

Where k (rad/m) is the wavenumber, is 𝑘 = 𝜔√ɛ 𝜇0 (see Appendix A.1) and ∇2 is the Laplacian 

operator: 

 

𝛻2  =
𝜕2

𝜕𝑥2 + 
𝜕2

𝜕𝑦2  + 
𝜕2

𝜕𝑧2                                                    (B.11) 

                                                                                                     

The paraxial form of the Helmholtz equation, known as the Fresnel equation [179] is valid 

for paraxial propagation in slowly varying optical structure and it is starting point to develop 

BPM algorithms [180]. The basic formulas and their description of the TE and TM Mode and 

the Finite-Difference Mode Solver are describe in Appendix B.1. 
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A general vector field 𝐹 ⃗⃗  ⃗ oscillating at the single angular frequency ω can be expressed as: 

 

𝐹 ⃗⃗  ⃗(𝑟 ⃗⃗ , 𝑡) =  {ɛ ⃗⃗ (𝑟 ⃗⃗ )exp (𝑗ωt)}                                            (B.12) 

If we plug this form of representation in Equations (3.1) to (3.4), with the mention that from 

now on  𝐹 ⃗⃗  ⃗(𝑟 ⃗⃗ , 𝑡) is a function only of  𝑟 ⃗⃗ , the electromagnetic fields can be written as:  

 

𝛻⃗  × 𝑬 ⃗⃗  ⃗ = −𝑗ω𝘽⃗⃗ = −𝑗ω𝜇0𝑯⃗⃗⃗                                             (B.13)   

                                                            

𝛻⃗   × 𝑯⃗⃗⃗ = −𝑗ω𝘿⃗⃗ =  𝑗ωɛ0 ɛ𝑟𝑬 ⃗⃗  ⃗                                        (B.14)   

                                                                                                                                                                         

𝛻⃗  ∙ 𝑯⃗⃗⃗ =  0                                                                         (B.15)  

                                                                                                         

𝛻⃗  ∙ (ɛ𝑟𝑬 ⃗⃗  ⃗) =  0                                                                       (B.16) 

                                                                                                                        

where 𝛠 = 0, 𝜇𝑟 = 1 and 𝑱  is assumed. The two-dimensional semivectorial analysis assume that 

the structure of the waveguide to be uniform in the y direction and the derivatives with respect 

to y can be set to zero, i.e. 

 

−𝜕𝑧𝐸𝑦 = −𝑗ω𝜇0𝐻𝑥                                                          (B.17) 

 

𝜕𝑧𝐸𝑥 − 𝜕𝑥𝐸𝑧  = −𝑗ω𝜇0𝐻𝑦                                                (B.18) 

 

𝜕𝑥𝐸𝑦 = −𝑗ω𝜇0𝐻𝑧                                                             (B.19) 

 

−𝜕𝑧𝐻𝑦 = 𝑗ωɛ0ɛ𝑟𝐸𝑥                                                          (B.20) 

 

𝜕𝑧𝐻𝑥 − 𝜕𝑥𝐻𝑧  = 𝑗ωɛ0ɛ𝑟𝐸𝑦                                              (B.21) 

 

 𝜕𝑥𝐻𝑦  = 𝑗ωɛ0ɛ𝑟𝐸𝑧                                                           (B.22) 

 

The Equations for electric field component in the TE and TM Mode Analysis are expressions 

in Appendix B.1.  
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C.1  Electric field components in TE and TM mode 

TE Mode: The electric field component in the longitudinal direction in TE mode is zero, i.e.  

𝐸𝑧 = 0, than we assume 𝜕𝑦 = 0 and 𝜕𝑥𝐻𝑦 = 0 , 𝐻𝑦 = 0 , 𝐸𝑧 = 𝐻𝑦 = 0 . The wave equation 

for the principal electric field component 𝐸𝑦 is: 

 

𝜕𝑧
2𝐸𝑦 + 𝜕𝑥

2𝐸𝑦 + 𝑘0
2ɛ𝑟𝐸𝑦 = 0                                                         (C.1)    

                       

where  𝑘0
2 = 𝜔2ɛ0𝜇0.  

With the follow approximation, and implicitly the used approximation in BPM 𝜕𝑧ɛ𝑟 ≈ 0 , 

 

𝜕𝑧(ɛ𝑟𝐸𝑦) = 𝐸𝑦𝜕𝑧ɛ𝑟 + ɛ𝑟𝜕𝑧𝐸𝑦  ≈  ɛ𝑟𝜕𝑧𝐸𝑦                                          (C.2)   

                        

Similarly, the wave equation for the x-directed magnetic field component can obtained: 

 

𝜕𝑧
2𝐻𝑥 + 𝜕𝑥

2𝐻𝑥 + 𝑘0
2ɛ𝑟𝐻𝑥 = 0                                                        (C.3) 

                          

TM Mode: The magnetic field component in the longitudinal direction in TM mode is zero, 

i.e. 𝐻𝑥 =  0. Similarly to the TE mode we now get 𝜕𝑥𝐸𝑦 = 0, 𝜕𝑦 = 0 , 𝐻𝑧 = 𝐸𝑦 = 0 . 

The wave equation for the x-directed electric field component 𝐸𝑥 is: 

 

𝜕𝑧
2𝐸𝑥 + 𝜕𝑥 [

1

ɛ𝑟
𝜕𝑥(ɛ𝑟𝐸𝑥)] + 𝑘0

2ɛ𝑟𝐸𝑥 = 0                              (C.4) 

                                

And the wave equation for 𝐻𝑧 

 

𝜕𝑧
2𝐻𝑦 + ɛ𝑟𝜕𝑥 [

1

ɛ𝑟
𝜕𝑥𝐻𝑦] + 𝑘0

2ɛ𝑟𝐻𝑦 = 0                                      (C.5)   

                        

All these four wave equations can be solved numerically using finite-difference expressions. 
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D.1  Finite-Difference Mode Solver 

Finite-difference mode solver, an eigenmode solver, is a very important solver in analysis 

and design of the waveguide structures.  

From the wave equation, after some mathematical manipulations we obtain following equa-

tion: 

 

𝑃𝑥𝑥𝐸𝑥 = 
𝜕

𝜕𝑥
[

1

𝑛2

𝜕(𝑛2𝐸𝑥)

𝜕𝑥
] + 

𝜕2𝐸𝑥

𝜕𝑦
2 + 𝑛2𝑘0

2𝐸𝑥                                  (D.1)   

                        

𝑃𝑥𝑦𝐸𝑦 = 
𝜕

𝜕𝑥
(

1

𝑛2

𝜕(𝑛2𝐸𝑥)

𝜕𝑦
) − 

𝜕2𝐸𝑦

𝜕𝑥𝜕𝑦
                                                     (D.2)  

                         

𝑃𝑦𝑦𝐸𝑦 = 
𝜕

𝜕𝑦
[

1

𝑛2

𝜕(𝑛2𝐸𝑦)

𝜕𝑦
] + 

𝜕

𝜕𝑥

𝜕2𝐸𝑥

𝜕𝑦
2 + 𝑛2𝑘0

2𝐸𝑥                                (D.3)   

                        

The electromagnetic field, assuming that light is propagating along the z axis, could be ex-

pressed as: 

𝐸 ⃗⃗  ⃗  =  𝐸 ⃗⃗  ⃗ (𝑥, 𝑦)exp (−𝑗𝛽𝑧)                                                 (D.4)                          

 where 𝛽 is the propagation constant and noting that 
𝜕

𝜕𝑧
= −𝑗𝛽 and 

𝜕2

𝜕𝑧
2 = −𝛽2, than: 

 

(
𝑃𝑥𝑥 𝑃𝑥𝑦

𝑃𝑦𝑥 𝑃𝑦𝑦
) (𝐸𝑥

𝐸𝑦
) = (−𝛽2 + 2𝑗𝛽

𝜕

𝜕𝑧
+ 

𝜕2

𝜕𝑧
2) (𝐸𝑥

𝐸𝑦
)                     (D.5)  

                         

For the finite-difference method, the eigenmode is considered for a z-invariant waveguide, 

so we have 
𝜕

𝜕𝑧
= 0 and  

𝜕2

𝜕𝑧
2 = 0 , in this case resulting a linear eigenvalue problem of the form: 

 

(
𝑃𝑥𝑥 𝑃𝑥𝑦

𝑃𝑦𝑥 𝑃𝑦𝑦
) (𝐸𝑥

𝐸𝑦
) = 𝛽2 (𝐸𝑥

𝐸𝑦
)                                             (D.6) 

  

 

 

 


